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 Fabrication of optical metamaterials, or structured materials with unique optical 
responses not found in the original material, requires complex and time-consuming 
methods such as e-beam photolithography, microscale 3D printing, ion beam milling etc. 
A possible new way to fabricate these unique structures is utilizing self-assembly 
techniques such as the phase separation found in eutectic solidification. Due to the 
periodic nature of eutectics, these materials are a great choice for applications in optical 
metamaterials. The goal of this thesis is to understand and apply directional solidification 
of eutectics to form unique structures with structural motifs, which behave as optical 
meta-materials. Solid templates are used to further finely tune the structure and shape of 
the eutectic phases, producing distinctive optical properties with potential for new 
applications in photonics. 
 This work investigated three different binary eutectic systems consisting of Pb-
Sn, AgCl-KCl, and (d)-camphor-biphenyl. The Pb-Sn system is a well-studied eutectic 
system and provides large optical responses due to the plasmonic effect naturally found 
in metals. AgCl-KCl was used due to the ability to easily form a very uniform lamellar 
eutectic microstructure in most solidification experiments. Finally, the (d)-camphor-
biphenyl eutectic was studied as a model eutectic system for metallodielectric eutectic 
systems that can produce interesting optical responses such as Ge-Al. The camphor 
solidifies in a similar manner to aluminum and the biphenyl solidifies in a similar manner 
to germanium.  
 The Pb-Sn eutectic was directionally solidified at different speeds using a 2D 
solidification apparatus and investigated for possible applications in diffraction gratings. 
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From there both the AgCl-KCl and Pb-Sn eutectics were directionally solidified through 
confining pillar templates and the microstructures analyzed. In the pillar templates, 
depending on the height and width of the pillars, the eutectic lamella change orientation 
by 90 degrees. If the eutectic is kept as a thin layer in relation to the height of the pillars 
the solidification is kept vertical. In these cases, the pillar template has more of an effect 
on the surface microstructure, and the microstructure begins to deviate from the naturally 
occurring lamellar microstructure. The direction of solidification, the solidification speed, 
and the surface energies of the two phases all play a role in what the final microstructure 
shapes looks like. At certain solidification speeds and pillar spacings, these eutectic 
microstructures begin to resemble the structure of the optical metamaterial referred to as 
a split ring resonator.  
 The (d)-camphor and biphenyl binary eutectic was used as a model system and 
directionally solidified using a 2D directional solidification apparatus under a microscope 
to better analyze the solidification of this non-faceted/faceted eutectic system. The 
transparent nature of the eutectic allowed for visualization of the solid liquid interface 
under the microscope. As a result, a transition from faceted to non-faceted solidification 
could be observed when the thermal gradient was increased. Applying this knowledge to 
metallodielectric eutectics such as Al-Ge could lead to better solidification control of 
these optically interesting microstructures. In addition to this work, the binary phase 
diagram for the (d)-camphor and biphenyl system was determined.  
 The final portion of this thesis looks into the preliminary work of 
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CHAPTER 1: INTRODUCTION AND MOTIVATION 
 
This chapter explains the motivation of this thesis and reviews previous work done in areas related 
to this thesis.  
 
1.1 Applications of Eutectic Alloys 
Eutectic alloys have a wide range of applications ranging from mechanical strengthening 
of solder alloys [1], increasing creep resistance for high temperature applications [2], to fine-tuning 
of magnetic properties [3]. Eutectic alloys often exhibit the best properties when the microstructure 
is uniformly controlled via directional solidification. Due to the composite and periodic nature of 
optical metamaterials, eutectic directional solidification has been proposed to be a good option for 
fabrication of such materials.  Applying eutectic solidification to realize optical meta-materials is 
a new area and prior to our work, there had only been a limited number of publications in that area 
[4]. 
 
1.2  Definition of Optical Metamaterials 
Optical meta-materials are engineered composite materials that exhibit electromagnetic 
properties not found naturally. Negative refractive index [5] [6] and cloaking materials [7] [8] are 
examples of optical meta-materials that have received the most attention. Many different structures 
of composites can produce optical meta-material responses. The first structure that successfully 
demonstrated negative index of refraction, the split ring resonator [9], is one of the more common 
structures discussed (Figure 1.1).  Negative index of refraction can be achieved when the 
 
 2 
permeability and permittivity of the material are both negative. The negative permittivity can be 
easily achieved from natural materials such as metals. The permeability on the other hand is 
required to come from a structure such as a split ring resonator. The negative magnetic response 
is created by the resonance of the structure acting as a capacitor [10] [11] [12]. So far, the only 
experimental fabrication of these split ring resonator structures has utilized top down 
microfabrication methods. The goal of this research is to look at eutectic directional solidification 
as a new fabrication method that could be used to form similar optically interesting structures.  
 
Figure 1.1: Split-Ring Resonators. The left image is a resonance curve of a copper split ring 
resonator where d is 0.2mm, c is 0.8mm, and r is 1.5mm [6]. The right image is a photograph of 
the first experimental split ring resonator made that measured a negative effective index of 








1.3  Eutectics in Optical Applications 
Initially, eutectics were looked at with some possible optical applications in mind, such as 
studying interface phonons [13]. These phonon resonances have recently been amplified using a 
metal-dielectric eutectic consisting of Bi2O3 and Ag [14] [15]. In addition, eutectics such as 
Tb3Sc2Al3O12-TbScO3 [16] [17] [18] have also been looked at for their photonic properties. 
Finally, the ZrO2 –CaZrO3 eutectic was looked at for possible applications in waveguides [19].  
Later, epsilon, or permittivity, near-zero meta-materials were introduced as a new optical 
application space for eutectics as optical meta-materials. The epsilon near-zero meta-materials 
give interesting properties including moving E/M waves into ultra-narrow channels [20], 
influencing E/M phase patterns [21] and controlling reflection and transmission with little loss 
using defects [22]. A theoretical study showed E/M transmission enhancement when an epsilon 
near-zero material surrounded dielectric cylinders [23]. To test this one group used a Bridgeman 
furnace to directionally solidify a eutectic consisting of LiF (dielectric) rods in a KCl matrix [24] 
[25]. KCl shows an epsilon near-zero response at around 6THz. Improved transmission was seen 
through experimentation and simulation at this frequency. This continued on to more studies of 
eutectic salts including NaCl-LiF, [26] NaCl-NaF [27] [28], CaF2-MgO [29], and BaF2-NaF [30] 
with the optics analyzed by Merino, Acosta and Orera [31].  
Recently, an advancement of utilizing eutectics for self-assembly of optical meta-materials 
came when Professor Pawlak studied a ceramic eutectic consisting of SrTiO3 and TiO2 [4]. Using 
the micro-pulling down method, the eutectic was directionally solidified and the SrTiO3 crystals 
aligned along the <110> direction and TiO2 crystals oriented along the <001> direction. In these 
orientations the eutectic microstructure forms split ring resonator type structures (Figure 1.2). 
Although these structures look similar to split ring resonators, the authors were not able to 
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experimentally measure an optical response. Some of the problems included the large size 
distribution and the anisotropy in orientation of the resonators. The goal of this thesis work is to 
use directional solidification of eutectics through template geometries to improve the size 
distribution and orientation of these meta-materials. 
 
Figure 1.2: SrO-TiO2 Eutectic. (a) Cut/Polished Samples, (b) SEM Image of full cut/polished 
samples, (c) Powder and single-crystal XRD show SrTiO3 (110) and TiO2 (001), (d) and (e) show 
zoomed in SEM images of the microstructure, and (f) shows fractal nature of the microstructure. 
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CHAPTER 2: FUNDAMENTALS OF EUTECTIC 
SOLIDIFICATION  
 
The following chapter summarizes the fundamentals of eutectic solidification. The chapter will 
cover the eutectic phase diagram and the current understanding of eutectic solidification and 
resulting microstructures. This will include the Jackson and Hunt model on eutectic solidification 
and the difference between faceted and non-faceted solidification. The Jackson and Hunt model 
determines the spacing of the eutectic microstructure while the preference for faceted/non-faceted 
solidification determines the overall structure and ordering of the eutectic. Finally, the chapter will 
cover the basics of phase field modelling of eutectic solidification (the current most common 
eutectic solidification modelling) as the collaborative work on this thesis with the Thornton group 
at the University of Michigan includes this type modelling. 
 
2.1  Eutectic Solidification and Microstructure 
Eutectic materials are materials composed of two or more components that melt or solidify 
at the same temperature. This eutectic temperature is lower than the individual constituent melting 
temperatures. A binary eutectic, which is what I will be focusing on for this work, is composed of 







2.1.1 Eutectic Phase Diagram 
Binary eutectic materials can be better understood by looking at a eutectic phase diagram 
seen in Figure 2.1. A binary eutectic consists of A and B atoms at the eutectic composition labelled 
as CE. When this material solidifies it phase separates into ⍺ and β phases at the same temperature, 
the eutectic temperature, labelled as TE.  The ⍺ and β phases consist of the composition C⍺ and Cβ 
respectively. In order for solids with C⍺ and Cβ to form, a nucleation event and growth needs to 
occur. At the start of eutectic solidification, it has been found that if ⍺ can be nucleated by β then 
β cannot be nucleated by ⍺ [1] [2]. Figure 2.1 better represents most metallic alloys by showing 
some solubility of B in the ⍺ phase and some solubility of A in the β phase. Non-metallic eutectics 
such as salts and organic systems often show no solubility in the two phases [3].  
 
Figure 2.1: General Binary Phase Diagram. A typical binary eutectic phase diagram consisting 
of ⍺ and β phases with compositions C⍺ and Cβ respectively. CE represents the eutectic composition 






2.1.2  Eutectic Microstructure 
The uniform composition of the eutectic liquid requires diffusion to form the two separate 
phases of the solid eutectic. Since the ⍺ and β phases are forming at the same temperature there is 
a back and forth diffusion of A and B atoms to form the ⍺ and β phases. A atoms diffuse in the 
liquid to the A rich phase of ⍺ and B atoms diffuse in the liquid to the B rich phase of β. A 
schematic of this solidification mechanism can be seen in Figure 2.2. 
 
Figure 2.2: Eutectic Solidification Mechanism Schematic. Schematic of eutectic solidification 
showing back and forth diffusion of A and B atoms forming a eutectic microstructure with 
interlamellar spacing 𝜆. 
 
Because of this back and forth diffusion of A and B atoms, a lamellar microstructure is 
formed. The spacing from the edge of the ⍺ phase to the edge of the β phase is often referred to as 
the interlamellar spacing or λ. Since the mechanism in forming the eutectic microstructure consists 
of this back and forth diffusion of A and B atoms, the interlamellar spacing is affected by the 
diffusion rates of A and B atoms in the liquid. The interlamellar spacing is a balance between the 




The eutectic material can either form striped structures (lamellar) or rod-in-matrix 
structures, depending on the volume fraction of the phases. A calculation was done by Frank and 
Puttick [4] to find a general rule that volume fractions of about 0.3 or less would maintain a rod 
microstructure while 0.3 or more would maintain a lamellar microstructure (see schematic in 
Figure 2.3). This is a good general estimate but there have been examples of eutectics showing 
unexpected rod or lamellar microstructures [5] [6]. For this thesis I will be focusing on eutectics 
that generally form lamellar microstructures. 
 
Figure 2.3: Binary Phase Diagram and Predicted Microstructure Schematic. Schematic of 











2.1.3  Directional Solidification 
Directional solidification is what is commonly used to control the eutectic microstructure. 
Directional solidification is a method using a temperature differential (thermal gradient), to control 
the manner in which a material transitions from a liquid to a solid. By applying a uniform thermal 
gradient to the eutectic and slowly moving the liquid sample along the direction of the gradient 
from hot to cold, the eutectic lamella or rods will solidify aligning with that thermal gradient. The 
speed of this movement will control the lamellar or rod spacing of the eutectic while the direction 
of the thermal gradient affects the alignment. Methods of directional solidification for eutectics 
include but are not limited to; laser floating zone, Bridgman, and micro-pulling down methods [7]. 
As long as a stable thermal gradient can be formed and either the sample or the gradient moves 
along the direction of the gradient, the eutectic can be directionally solidified.  
 
2.2  Jackson and Hunt Theory and Interlamellar Spacing 
 Historically the theory of eutectic solidification has been tackled by multiple authors. First 
Zener [8] utilized diffusion in the liquid and surface energy of the solid to predict that the product 
of lamellar spacing and solidification velocity should be constant. In addition, Zener postulated 
that the growth rate of the eutectic is the maximum possible at a given undercooling. Concurrently 
Brandt [9] [10] was able to approximate the diffusion equation by assuming the interface of the 
eutectic lamella was sinusoidal. These calculations were incomplete because Brandt did not take 
into consideration surface energy effects. Other authors continued this work [11] [12], but it wasn’t 
until Jackson and Hunt, who were the first to theoretically explain eutectic solidification fully and 
apply that theory to microstructures found experimentally. The overall concept of the Jackson and 
Hunt theory follows the idea of growth at the extremum. This is that the minimum undercooling 
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for growth at a given velocity coincides with the maximum growth rate for a given undercooling. 
This concept will be explained in further detail below.  
 
2.2.1  Concentration Field in the Liquid 
 Jackson and Hunt treated eutectics as a periodic arrangement of ⍺ and β lamellar with a 
spacing of λ and extremum velocity of ν*. Since the lamella are symmetric the model looked 
mainly at the region from the center of the ⍺ lamella to the center of the β lamella (Figure 2.4).  
 
Figure 2.4: Jackson and Hunt Eutectic Schematic. Schematic of eutectic phase diagram (left) 
and schematic of eutectic solid/liquid interface taken to be flat [13]. 
 
For the initial derivation of solute diffusion in the liquid, the solid liquid interface is taken as flat. 
To solve for the composition in the liquid, a 2D diffusion equation can be utilized, found in 
Equation 2.1 [13]. In order to solve this equation Jackson and Hunt implemented the following 
boundary conditions (Equations 2.2 and 2.3) [13] and conservation of matter or flux conditions 
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𝐷 	𝑆= ≤ 𝑥 ≤ 𝑆= + 𝑆> (2.5)
 
 C represents the composition field in the liquid, D is the diffusion coefficient in the liquid 
and ν* is the extremum velocity (the velocity of the solid/liquid interface). CE is the eutectic 
composition and C∞ is the difference between the eutectic composition and the concentration at a 
distance of z=∞. S⍺, Sβ, C0⍺ and C0β are all defined in the left side phase diagram of Figure 2.4. 
By solving Equation 2.1 using the boundary conditions and conservation of matter conditions, the 
concentration field was derived and can be found in the Jackson and Hunt paper [13]. A better 
visualization of the concentration field was done by Dantzig and Rappaz [14], who graphed the 





Figure 2.5: Concentration Field at the Solid Liquid Interface. 3D graph of concentration field 
in the liquid where z<0 is the solid and z>0 is the liquid. (a) The liquid is at the eutectic 
composition of 0.5 and (b) the liquid is at a slightly lower composition of 0.45 [14]. 
 
2.2.2  Undercooling of Eutectic Front and Assumptions  
 Now that the concentration field in the liquid has been determined the next step is to look 
at the solid liquid interface and determine how the atoms from the liquid attach to the growing 
eutectic solid. Jackson and Hunt related the stability of this non-planer growing solid-liquid 
interface to the undercooling of the interface. The undercooling is assumed to have three 
components in this model (Equation 2.6 [13]); the curvature undercooling effects (ΔTσ), the 
concentration undercooling effects (ΔTc) and the attachment kinetics effects (ΔTk). In the Jackson-
Hunt theory the attachment kinetics are neglected. In metallic systems the attachment kinetics are 
negligible compared to the curvature and concentration effects. In non-metallic, particularly 
faceted systems, kinetic effects play a larger role and would have to be incorporated. As a result, 
such systems are much harder to simulate and solve for. Faceted solidification theory is discussed 
more in section 2.2.  
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∆𝑇 = ∆𝑇K + ∆𝑇L + ∆𝑇M (2.6) 





The concentration undercooling was estimated by looking at the amount of departure of 
the local composition at the solid liquid interface from the eutectic composition (Equation 2.7 [13]) 
where m is the slope of the liquidus, CE is the eutectic composition and C(x) is the composition of 
the interface at x. m and CE can be determined from the eutectic phase diagram and the composition 
field in the liquid was derived earlier and can be applied to the composition profile C(x). As for 
the curvature undercooling component, this contribution is made due to the fact that the eutectic 
solid liquid interface is not planar. Equation 2.8 [13] is the derived curvature undercooling 
component where a is the Gibbs-Thompson constant and r(x) is the local curvature of the solid-
liquid interface. This local curvature can only be accurately determined in phase-field modelling 
(see section 2.4). Jackson and Hunt simplified this calculation by averaging the solute and 
curvature undercoolings along the estimated interface geometry. The interface geometry was 
calculated utilizing the solid-liquid surface energies. Solving for undercooling vs. λ for lamellar 
eutectics and undercooling vs. R for rod eutectics, the minimum undercooling and extremum 





Figure 2.6: Lamellar and Rod Extremum Spacing. Schematic of undercooling versus 
interlamellar spacing or rod spacing for a constant velocity [13]. 
 
2.2.3  Jackson and Hunt Derived Interlamellar Spacing and Velocity Relationship 
The spacing with the minimum undercooling is the microstructure that prevails. By 
minimizing the undercooling, Equation 2.6 can be used to solve for the relationship between 
interlamellar spacing and velocity. Although this was solved for by Jackson and Hunt, Dantzig 




























 In these equations λext is the extremum interlamellar spacing, or the critical interlamellar 
spacing that would be found experimentally. ν* is the maximum growth rate that corresponds with 
the spacing λext. The results show that 𝜆UVW$ 𝑣∗is proportional to a constant that is dependent on a 
lot of factors relating to the eutectic material. These factors include the surface energy (𝛤), the 
sold-liquid interface angle with the phase boundary (q), and other parameters relating to the phase 
diagram; phase fraction (g), full length of the eutectic isotherm (ΔC0) and slope of the liquidus line 
(m). As a result, this constant can be determined for a variety of eutectic systems to predict the 
solidification velocity and lamellar spacing relationship. Many have used this model or 
experiments to determine the proportional constant for different eutectic systems including Pb-Sn 
[15], Al-Cu [16], Pb-Cd [17], etc. 
 Although the Jackson and Hunt model is very thorough and does a good job explaining 
most eutectic solidification, the removal of the kinetic component means this model cannot be 
applied to eutectics containing a faceted phase. Instead we will look at faceted solidification using 
a different model. 
 
2.3  Faceted vs. Non-Faceted Solidification 
During liquid to solid and gaseous to solid phase transformations, materials form a solid 
through faceted or non-faceted transformation mechanisms. During a faceted transformation, the 
solid grows along preferred crystal orientations while during a non-faceted transformation the solid 
follows the imposed thermal gradient with no preferred crystal orientation. The difference between 
faceted and non-faceted materials relates to the attachment kinetics of the atoms from the gas or 




2.3.1  Faceted vs. Non-Faceted Solidification and Morphology 
The difference between faceted and non-faceted solidification can best be seen in the 
following schematic (Figure 2.7). When a solid phase forms in a non-faceted manner, the atoms 
can be added easily to any of the available solid surface. The direction that the atoms attach to the 
surface is mainly dictated by the diffusion of the solute in the liquid, and the attachment kinetics 
are generally neglected. When a solid phase forms in a faceted manner on the other hand, the atoms 
attach to the rough, high index planes faster than the other planes. Because of this faster 
attachment, these high index planes disappear, leaving the remaining slow growing facets. These 
slow growing facets lead to a slower anisotropic growth of the solid. The growth of the crystal is 
then dictated by these slow growing planes. 
 
Figure 2.7: Faceted vs. Non-Faceted Solidification. Schematic of faceted vs. non-faceted 
solidification at a microscale and atomic scale. (Adapted from [18]) 
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In non-faceted solidification, since atoms easily attach to any of the solid surfaces, the 
surfaces end up anatomically rough. Zooming out to the microscale this non-faceted solidification 
appears smooth due to the solid closely following the thermal gradient. On the other hand, in 
faceted solidification, atoms attach anisotropically, leaving the slow growing planes to grow in a 
layer by layer mechanism. The resulting surfaces end up being anatomically planar and smooth, 
but on the microscale the solid strictly follows the slow growing facets. As a result, the microscale 
solid shows large rough facets. 
 
2.3.2  Faceted Growth Attachment Kinetics 
The next step in understanding faceted and non-faceted solidification is to recognize what 
affects this difference in attachment kinetics. A useful schematic in explaining the attachment 
kinetics on a solid surface can be seen in Figure 2.8. In general, the growth rate of a solid crystal 
depends on the difference between the attachment and detachment rates of the atoms to the solid 
surface. The attachment rate depends on the rate of diffusion of the solute atoms in the liquid while 
the detachment rate depends on the bonding of the atom to the surface. This bonding in turn is 
related to the number of nearest neighbors binding the atom to the solid surface. Figure 2.8 
represents atoms by cubes organized in a simple cubic structure. If the solid system is undercooled 
the solid has a lower free energy, thus the atom with 5 nearest neighbors will have a much higher 
probability of remaining in the solid than the atom with 1 nearest neighbor. For an atom to attach 
in the 1 location the binding force of the single atom in the crystal must be larger than the binding 
force of the liquid. It is from the balance of these two parameters that the non-faceted/faceted 




Figure 2.8: Possible Atom Sites. Schematic of possible atomic sites at a solid interface [18]. 
 
Different atomic packing can lead to differences in the faceted behavior (Figure 2.9). The 
atomic arrangements affect the number of nearest neighbors and thus the binding force of the 
crystal. Both arrangements when rough, provide many sites for growth as seen in the low entropy 
change or non-faceted arrangement. When the close-packed face (10) is smooth it is difficult to 
form new layers while the non-close packed face provides more sites for growth. This visualization 
helps give a good idea why solids might solidify as faceted or non-faceted depending on 
orientation. The next section will look at how to predict if the solidification mechanism will be 






Figure 2.9: Atom Attachment Locations at Different Orientations. Schematic of non-faceted (low 
entropy change) vs faceted (high entropy change) two-dimensional surface attachments for close 
packed (10) and non-close packed (11) planes [19]. 
 
2.3.3  Predicting Faceted Growth 
 In order to predict whether a solid will solidify in a faceted or non-faceted manner we must 
look at the attachment of the atoms to the solid surface. The first thing to do is determine the 
number of possible extra atoms on the plane face of a crystal exposed to the liquid, by looking at 
the minimum free energy (Equation 2.12) [20] [21]. 
∆𝐹u = ∆𝐸D − ∆𝐸j + 𝑇∆𝑆D − 𝑇∆𝑆j − 𝑃∆𝑉 (2.12) 
In Equation 2.12, ∆𝐸Dis the energy gained by adding atoms to the solid interface from the liquid, 
∆𝐸jis the average energy gained by atoms due to the presence of other atoms on the surface,	∆𝑆Dis 
the entropy difference between the solid and the liquid, and ∆𝑆j is the entropy due to the 
randomness of atoms on the surface. In a liquid to solid transition 𝑃∆𝑉is negligible but could factor 
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in for vapor to solid transitions. The energy and entropy terms are further developed in Equations 
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In the energy and entropy equations, L is the heat of transformation, 𝜂u is the number of nearest 
neighbors in a monolayer parallel to the plane phase of the possible total 𝜂, NA are the total number 
of atoms for N possible sites, and TE is the eutectic temperature. Equation 2.16 (probability of any 
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Now by plugging Equations 2.13, 2.14, 2.15 and 2.17 into 2.12 the free energy relationship found 
in Equation 2.18 [19] can be derived. In this case, x is the ratio of total number of atoms NA to 
possible sites N. In order to understand the free energy relationship, Jackson graphed the relative 
free energy vs the occupied fraction of surface sites (x) for a variety of ⍺ values. The resulting 




Figure 2.10: Jackson Alpha Factor Curves. Graph of relative free energy vs. occupied fraction 
of surface sites (x) for varying values of ⍺ by Jackson [19]. 
 
 The minimum values of relative free energy give the equilibrium configuration of the 
surface. For small ⍺ the minimum occurs around x=0.5, or when half of the surface sites are filled. 
For large ⍺ the minimum occurs at very small or large x or when most of the surface sites are 
completely full or empty. In addition, the free energy values of partially filled sites are larger than 
0 showing the instability of partially filled sites. A material with a large alpha value prefers to fully 
fill a layer before starting the next layer. This model is a good way to estimate if a material will 
solidify in a faceted or non-faceted way. 
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Figure 2.10 is specifically for equilibrium temperatures. For non-equilibrium temperatures 
Jackson said a non-linear term of -LΔT/kTET can be added. A way to visualize this in the figure is 
to imagine the curves are hinged at the origin and the right-side swings down proportional to ⍺. 
As a result, some phases that exhibit faceted behavior could transition to non-faceted growth at 
non equilibrium temperatures. We will explore this more in Section 6.4. 
The faceted behavior is generally predicted using the simplified alpha factor, which is 
defined by the following equation, [22]   




where ΔS is the entropy of fusion, ξ is the crystallographic factor and R is the gas constant. When 
alpha is greater than 2, the material should be faceted, and when alpha is less than 2, the material 
should be non-faceted. Eutectics can be made up of all combinations of faceted and non-faceted 
phases.  
 
2.3.4  Faceted Growth and Eutectic Microstructure 
Eutectic alloys can have all combination of faceted and non-faceted phases, which will 
affect the final microstructure. In addition, the phase fraction of the eutectic can affect whether the 
eutectic will form rod or lamellar microstructures. Figure 2.11 has a summary of different possible 
combinations of faceted/non-faceted phases and different phase fractions with example alloy 




Figure 2.11: Eutectic Microstructures. A summary of different combinations of non-
faceted/faceted phases and phase fractions on the resulting microstructure using example systems 
Ag-Cu [23], Pb-Sn, Al-Si [24], Sn-Bi [25], and schematics. 
 
Although directional solidification of eutectic materials has been well studied, uniform 
two-phase structures are mainly made with two non-faceted phases due to the high thermal 
gradient control of the non-faceted solidification [13]. Figure 2.12 shows the difference in 
directional solidification between a faceted/non-faceted eutectic and a non-faceted/non-faceted 
eutectic. It would be useful in many optical applications to use eutectics with at least one faceted 
phase such as germanium, silicon etc. Consequently, it is important to understand and control the 
directional solidification of faceted eutectics. One thing to note, when both phases of the eutectic 
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are faceted, the competing nature of the two preferred growth directions leads to uncontrolled 
solidification and irregular microstructures. 
 
Figure 2.12: Eutectic Solid Liquid Interface. On the left is a faceted/non-faceted eutectic 
consisting of benzil and azobenzene. On the right is a non-faceted/non-faceted eutectic consisting 
of carbon tetrabromide and hexachloroethane [26]. 
 
 
2.4  Phase Field Modelling of Eutectic Solidification 
Phase field modelling has become one of the more common ways to simulate solidification 
due to the ability to replace boundary conditions at the solid liquid interface with a phase field for 
easier calculation. Folch and Plapp [27] were the first to simulate eutectic solidification utilizing 
phase field modelling. A good summary of the equations that were used to simulate the eutectic 
solidification are Equations 2.21 and 2.22 [27]. 
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𝑇 = 𝑇4 + 𝐺p𝑧 − 𝑣𝑡q (2.21) 







Equation 2.21 assumes a gradient along the z direction and a sample pulled at speed νp in the 
negative z direction. Equation 2.22 is the solid-liquid interface temperature by the generalized 
Gibbs-Thompson condition where i represents the ⍺ or β phases. The second term follows similarly 
to the concentration undercooling in the Jackson and Hunt theory and the third term follows 
similarly to the curvature effects of the solid liquid interface in the Jackson and Hunt theory. The 
fourth term represents the interface attachment kinetics that had previously been excluded. Using 
Equations 2.21 and 2.22 the temperature term can be eliminated, and the concentration can be 
solved in terms of position velocity and curvature. In the model diffusion in the solid phases are 
neglected. For more details see Folch and Plapp [27]. 
With these solidification equations the next step is to incorporate order parameters (p) to 
describe the phases and thus model what the phase is at each location in the simulation. The sum 
of all of the order parameters are equal to 1. In a binary eutectic system, there would be three order 
parameters, one for ⍺, one for β and one for the liquid. The bulk phase has the order parameter of 
that phase equal to one while at the interfaces between phases the order parameter transitions 
smoothly from 0 to 1. Figure 2.13 shows an example of the order parameters of ⍺ and β over a 




Figure 2.13: Eutectic Order Parameters. 3D graph of ⍺ phase and β phase order parameters 
along the x and z direction ranging from 0 to 1 [27]. 
 
 Experimental parameters are needed to more accurately model the eutectic alloy that is 
being simulated. Figure 2.14 shows a list of commonly used parameters in one of these phase field 
models. Using phase field modelling, more complex simulation of eutectic alloys can be done 
including multiple phases, different phase fractions and even eutectics solidifying through 
templates. These eutectic phase field models will be used to help explain and confirm the 








Liquidus slope of ⍺	 m⍺ 
Liquidus slope of β mβ 
Eutectic Temperature TE 
Eutectic Composition CE 
Composition of ⍺	at	TE C⍺ 
Composition of β at TE Cβ 
⍺-Liquid	interfacial	energy σ⍺L 
β-Liquid interfacial energy σβL 
⍺-β	Interfacial	energy σ⍺β 
Latent heat of fusion per unit volume for ⍺ L⍺ 
Latent heat of fusion per unit volume for β Lβ 
Diffusion coefficient D 
 
Figure 2.14: Phase Field Parameters. Experimental parameters used in phase field modelling of 
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CHAPTER 3: DIRECTIONAL SOLIDIFICATION OF THE PB-
SN EUTECTIC SYSTEM 
 
Chapter 3 starts with a review of the Pb-Sn eutectic system, and then moves to the new research 
performed as part of this thesis. The chapter will cover the 2D directional solidification set-up that 
was designed and used to control the eutectic microstructure in thin film form. The effect of 
confinement on the eutectic microstructure and the interlamellar spacing vs draw-rate relationship 
was compared with the Jackson and Hunt theory. Finally, the chapter discusses how the Pb-Sn 
eutectic could be used for optical applications. Work performed in collaboration with Ashish 
Kulkarni and Kaitlin Tyler of my group. 
 
3.1 Previous Work on Pb-Sn Eutectics 
Pb-Sn eutectic alloys are well-studied due to their previously common use as solder alloys 
and thus there is an extensive body of literature on Pb-Sn eutectic solidification. Pb-Sn forms a 
eutectic at 73.9 at% Sn, 26.1 at% Pb with the eutectic temperature of 183℃ (See Figure 3.1). The 
relatively low eutectic temperature of 183 ℃ opens up the possibilities of directional solidification 
and workability during experiments. In addition, it opens up the possibilities of using a wide range 
of materials, including polymers, as host materials. The workability has also led to studying Pb-





Figure 3.1: Pb-Sn Binary Phase Diagram. Experimentally deterimined Pb-Sn Binary Phase 
Diagram  [1]. 
 
Previous studies on Pb-Sn eutectics range from testing the mechanical deformation of the 
alloy [2] to looking at  interface diffusion along the lamellar interfaces [3]. This thesis work focuses 
on microstructure control for optical applications and thus we will focus on summarizing previous 
work done on analyzing the Pb-Sn eutectic microstructure. One paper by Verhoeven [4] 




Figure 3.2: Possible Pb-Sn Eutectic Microstructures. Three common microstructures found in 
directionally solidified Pb-Sn eutectic; disordered type I at low solidification rates, ordered type 
II and IV at medium solidification rates and disordered type III at fast solidification rates. The two 
tables show the solidification rates and location within the sample that different microstructure 
types were found and corresponding Sn crystal orientations for each type [4]. 
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Generally, in directional solidification of Pb-Sn eutectics the disordered type I and type III 
orientations of Sn are the most common orientations at low and high solidification rates 
respectively. Type II orientations were more commonly seen than type IV orientations due to the 
IV orientations commonly being crowded out by the type II and type III orientations. Although 
type III-oriented grains often crowded out type II-oriented grains, the type II orientations were still 
commonly found in the middle range of solidification speeds [5]. The prevalence of type I and 
type III-oriented lamella was attributed to the fact that these types grew slightly ahead of the type 
II and type IV orientations. As a result, type I and III oriented lamella could crowd out the type II 
and type IV orientations. The hypothesis that was proposed was that the anisotropy of the Sn 
thermal conductivity was the main cause of this difference in solidification positions. These 
microstructure results are important to keep in mind when studying directional solidification of 
Pb-Sn.  
 
3.2 Directional Solidification Apparatus  
The 2D directional solidification set up was designed based on other papers and work that 
studied organic and metal eutectics [6] [7]. There are two major reasons to select a 2D set up for 
this work. The first reason is that the 2D set ups produce significantly higher thermal gradients 
than the commonly used 3D methods such as Bridgeman, micro-pulling down or laser float zone. 
The second reason is that the metal and organic samples that are being studied in this thesis have 
a low melting temperature and don’t require a full 3D directional solidification set up. The 






Figure 3.3: Directional solidification apparatus. The hot block, heated by a cylindrical heater, is 
positioned next to the water-cooled cold block with an adjustable air gap (2mm to 1cm). The 
sample is pulled from the hot to cold block using a piezoelectric motor. 
 
The hot block is a 10 x 5 x 2 cm. aluminum block containing a 10 x 0.5 cm 100W 
cylindrical cartridge heater. The cartridge heater is located close to the air gap to maximize the 
thermal gradient across the air gap. The surface temperature is measured using a k-type 
thermocouple attached to the top of the hot block and the cartridge heater is controlled by a PID 
temperature controller (Omega CN743). PID controllers use proportional band values, integral 
time values and derivative time values to offset any changes in the temperature to keep the surface 
temperature consistent (thus the acronym PID). The cold block is a 41 x 162x 12 mm aluminum 
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water-cooling block (CPU graphics radiator heat sink). The block has two openings that allow tap 
water at an average temperature of around 10°C to flow through and cool the block. For all 
experiments the hot block surface temperature was held at 215°C. While the air gap is adjustable 
between 2-10mm, for all of the experiments in this chapter, a gap of 2mm was used. At these 
temperatures and this spacing the thermal gradient reached 80°C /mm.  
The eutectic samples were pulled at various speeds from the hot block to the cold block to 
directionally solidify them using a piezoelectric motor (Piezo LEGS series LL1011) and 
piezoelectric motor controller (PMD101) from MicroMo. The piezoelectric motor allowed for 
stable linear motion at the slow speeds required for directional solidification. The Pb-Sn eutectic 
was directionally solidified at 8 µm/s, 16 µm/s, 24 µm/s, 40 µm/s, 60 µm/s and 100 µm/s.   
 
3.3 Pb-Sn Eutectic Material and Analysis Details 
The Pb-Sn eutectic material (99.99% purity) was obtained from Sophisticated Alloys Inc. 
at a composition of 73.9at% Sn and 26.1at% Pb [1]. The received eutectic material was melted at 
250°C in an argon atmosphere glove box and separated into approximately 1cm discs on glass 
slides to allow for easier cutting. These discs were then cut into roughly 2mm cubes using a 
stainless-steel razorblade. These cubes were then melted and pressed between two microscope 
slides. The pressing resulted in thin smooth samples and the glass slides prevented oxidation of 
the surface during directional solidification.  
A JEOL 6060LV scanning electron microscope (SEM) was used to analyze the eutectic 
lamellar microstructure and surface morphology. In addition, a FEI Strata Dual Beam 235 focus 
ion beam (FIB) was used to analyze the cross section of the Pb-Sn eutectic. For the FIB cross-
sectional images, a small amount of platinum was deposited using an electron beam to protect the 
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surface, and then an additional 500nm of platinum was deposited using an ion beam. The cross-
sectional images were taken at 52° to the electron beam. The images were analyzed using ImageJ 
software to calculate the average interlamellar spacing and Pb etch depth. Interlamellar spacing is 
defined as the distance from the edge of one Pb lamella to the opposite edge of an adjacent Sn 
lamella. Pb etch depth is defined as the distance from the top surface of Sn to the top surface of 
Pb. 
The eutectic samples were imaged using SEM in backscatter mode. Pb appears light and 
Sn dark in backscatter. This was confirmed using energy dispersive spectroscopy (EDS) mapping 
collected using an Oxford INCA EDX analyzer (Figure 3.4). Each sample was imaged in at least 
five different regions. These images were analyzed by plotting line scans of the binary black and 
white image. Using a simple Python code, the lengths of the white and black phases were 
assembled and averaged.  
 
 
Figure 3.4: Pb-Sn Eutectic. Pb-Sn eutectic imaged using backscatter mode (left) with the Pb 
phase mapped using EDS shown in yellow (center) and Sn phase mapped using EDS shown in blue 





3.4 Pb-Sn Eutectic Microstructure 
Directional solidification of the Pb-Sn eutectic at speeds ranging from 8µm/s to 100µm/s 
produced microstructures of similar orientation types as found in literature. Figure 3.5 shows 
example microstructures of the 4 types of Pb-Sn eutectic microstructures found during the 2D 
directional solidification at different speeds. The type I microstructure was commonly found at 8, 
16 and sometimes 24µm/s speeds. The type II microstructure was commonly found at 24 and 40 
µm/s speeds. Type III microstructures could easily be found in the 60 and 100µm/s speeds but 
sometimes found in the 24 and 40 µm/s speeds. As for the Type IV microstructures, these were 
the most difficult to find in the 60 and 100 µm/s speeds. Figure 3.5 shows the type IV 
microstructure but on the left and right side of the image there is some disordered type III 
microstructures present as well. For chapters 4 and 5, the Pb-Sn eutectic was most frequently 
directionally solidified at 24 and 40µm/s due to the commonly ordered type II microstructures 




Figure 3.5: Possible Pb-Sn Microstructures. Examples of variations in eutectic microstructure 
found in directionally solidified samples matching microstructures found in literature. Type I and 
III show the disordered microstructures found at the slow and fast rates respectively and Type II 
and IV show the ordered microstructures found in the mid to fast solidification rates.  
 
The as-measured average interlamellar spacing of Pb-Sn eutectic versus directional 
solidification velocity can be seen in the scatter plot in Figure 3.6(b). Previous studies have found 
that the eutectic interlamellar spacing versus solidification velocity for the Pb-Sn system follows 
the following Jackson and Hunt equation [8] 
𝜆"𝑣 = 3.3 × 10*++ 	cm/ s⁄ (3.1) 
Where λ is the interlamellar spacing in cm and v is the velocity in cm/s. This equation was then 
also confirmed by [9]. The equation is plotted as a gray line in Figure 3.6(b). The experimental 
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values follow a similar trend to the equation but shifted down. A possible reason for this is that the 
measured values are the lamellar spacing versus the pull velocity, not the solidification velocity as 
in Equation 3.1. In experiments, the solidification front appeared to move slightly faster than the 
pull velocity. This would account for the downward shift of the measured data. 
 
Figure 3.6: Pb-Sn Jackson and Hunt Spacing Relationship. (a) SEM image of Pb-Sn eutectic 
microstructure directionally solidified at 8µm/s. Scale bar is 10µm (b) Plot of interlamellar 
spacing vs. pull speed. Measured values are given by the black square points; the Jackson and 
Hunt equation is plotted in gray. 
 
Figure 3.7 compares SEM images at the same magnification from samples directionally 
solidified at different speeds (Figure 3.7(a) at 24µm/s and Figure 3.7(b) at 100µm/s), showing the 






Figure 3.7: Pb-Sn Eutectic Microstructure at Different Speeds. (a) Pb-Sn eutectic sample 
directionally solidified at 24µm/s and (b) at 100µm/s. Scale bar is 10µm. 
 
3.5 Pb Removal from Pb-Sn Eutectic for Possible Optical Applications 
A common solution for etching Sn in the Pb-Sn eutectic is a combination of acetic acid, 
nitric acid and water [10]. When tested on the Pb-Sn eutectic, this etch solution did quickly remove 
Sn. However, this etch solution was not chosen because it also caused the lead to become much 
less reflective. For possible optical applications, both phases need to remain smooth and reflective.  
The Pourbaix diagram for Pb at zero potential shows corrosion for the pH range of 1-13 
[11]. The Pourbaix diagram for Sn at zero potential shows SnO2 forms from pH 2 to 12 [12]. As a 
result, between pH 2 and 12 the Sn phase should not etch, while Pb will etch. Experimentally, 
lower pH solutions were found to also unexpectedly etch the Sn phase, leaving a flat surface. An 
agitated pH 10 buffer solution was found to be one of the better etching solutions. The agitation 
was required to remove any solid Pb containing compounds that formed at the Pb surface. The pH 
10 buffer solution did etch the Sn slowly over time, but this etching could be stopped by initially 
dissolving Sn into the solution. When such a solution is used, the Sn-containing etch solution 
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uniformly removes the Pb phase and the Sn remains reflective, as desired for possible optical 
applications.  
The following procedure was used to uniformly etch the Pb from the eutectic samples. 
Approximately 500mg of Sn shot, lightly polished to remove the native surface oxide, was placed 
in 200mL of Fisher Chemical pH 10 buffer solution. The Sn was left to dissolve for a minimum of 
three days with periodic solution agitation. The eutectic samples to be etched were removed from 
between the two microscope slides and immediately placed into the etching solution to prevent 
oxide formation. If too much time passed between glass slide removal and the etch step, metal 
oxide would form and prevent etching. During etching, the solution was agitated by hand or by a 
stir bar depending on the etch duration.  
Figure 3.8 shows SEM images and FIB cross sections of Pb-Sn eutectic directionally 
solidified at the same speed but etched for different durations. The sample showed in Figure 3.8(a) 
was etched in Sn-free etch solution for two minutes while the sample shown in Figure 3.8(b) was 
etched for five minutes. Comparing Figure 3.8(a) to Figure 3.8(b), the dissolution of Sn in the 
etch solution becomes apparent. Even though the two samples should have the same lamellar 
spacing, the sample that was etched longer appears to have a narrower Sn lamella. FIB-prepared 
cross-sections confirms this (Figure 3.8(c) and Figure 3.8(d)). In the FIB images, it can be seen 
that the upper corners of the Sn lamella are etched slightly after 2 minutes, and rather significantly 






Figure 3.8: Pb Etching from Pb-Sn Eutectic. Pb-Sn eutectic sample directionally solidified at 
24µm/s and then etched using commercial buffer 10 solution for (a) 2 minutes and (b) 5 minutes. 
(c) and (d) cross sections of (a) and (b), respectively. Scale bars for (a) and (b) are 5µm. Scale 
bars for (c) and (d) are 1µm. The black lines in (d) are interfaces between Pb and Sn that were 
over ablated during the FIB sample preparation. 
 
To minimize Sn etching, Sn was dissolved into the etch solution prior to etching. A 
directionally solidified sample was etched using this solution for two minutes and the FIB cross 




Figure 3.9: Uniform Etching of Pb from Pb-Sn Eutectic. FIB cross section of Pb-Sn eutectic 
etched with buffer 10 solution with tin dissolved. The top part is protective ebeam deposited 
platinum (darker color) and ion beam deposited platinum (lighter color) and the bottom part is 
eutectic. The light phase of the eutectic is Pb and the dark phase is Sn. 
 
Not only does this new etch retain the straight edges of Sn phase, but the etch depth appears deeper 
compared to Figure 3.8(c). The etch depth of the eutectic sample in Figure 3.9 is 170nm while 
the etch depth of the eutectic sample in Figure 3.8(c) is 90nm. The probable reason for this was 
that both the Pb and Sn were etched in the eutectic sample shown in Figure 3.8(c), while only Pb 
was etched in the sample shown in Figure 3.9. 
Once etched, the eutectic samples could be looked at for visible light diffraction responses. 
Visually, the samples showed diffraction of light on the surface, but simulations were needed to 
quantify this diffraction. Simulations were used to understand which samples would have the best 
response for our possible experimental conditions. Figure 3.10 shows a graph of diffraction 
efficiency of the first diffraction mode versus the etch depth of the Pb phase for each interlamellar 




Figure 3.10: Pb-Sn Eutectic Diffraction Efficiency. Graph of simulated diffraction efficiency 
versus Pb etch depth. 
 
The diffraction efficiencies were calculated using a finite-difference time-domain (FDTD) 
simulation (using the commercial software from Lumerical, Inc.). The refractive index data of Sn 
and Pb at the wavelength of 532 nm were taken as 1.295 + 3.227i and 0.603 + 5.429i, respectively 
[13] [14] [15].  The calculations for the reflection diffraction grating were done on an ideal 
lamellar structure, applying periodic boundary conditions, with its lamellar period as obtained 
from the SEM analysis of the Pb-Sn eutectic. Perfectly matched layer (PML) absorbing boundary 
conditions were applied in the direction of propagation, and the physical structure (6 μm thick) 
was extended up to the PML boundary. Simulations were performed for normal incident plane 
waves (with polarization parallel to the lamellae), and far-field projections were used from the 
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reflection monitors. Diffraction efficiencies were defined as the ratio of optical power of the 
diffracted beam to that of the incident beam. For etch depth dependent diffraction efficiency 
calculations, a systematic sweep of Pb etch depth was carried out in steps of 10 nm up to a depth 
of 2000 nm. The Pb etched regions were replaced by air. The cases of fully etched samples, i.e. 
air-Sn diffraction gratings, also were simulated for diffraction efficiencies and spectra. 
The wavelength for the diffraction efficiency simulations was set at 532 nm to match the 
possible wavelength of a laser that could be used for diffraction experiments. As expected, the 
diffraction efficiency oscillates as the Pb etch depth increases. These oscillations are due to 
constructive or destructive interference of light incident on the Pb surface versus the Sn surface. 
Since the Sn phase is kept at the same height when the Pb phase is etched, the phase difference 
between waves hitting the Sn versus the Pb increases. This then brings the waves in and out of 
phase, creating the oscillations in the graph. When the interlamellar spacing changes, the 
diffraction efficiencies of the grating change as well. A maximum simulated efficiency of 65% is 
found for a lamellae spacing of 960nm (24µm/s pull speed), and an etch depth of 200nm (532 nm 
incident light). This efficiency is large and comparable to commercial diffraction gratings [16]. 
 
3.6 Conclusion 
In conclusion, the Pb-Sn eutectic was successfully directionally solidified using a two-dimensional 
directional solidification set-up. The eutectic followed similar speed and spacing trends and 
matched microstructures found in the literature. The Pb phase can be uniformly etched using a 
modified commercial buffer 10 solution. Using this process, the eutectic spacing and etch depth 
can be controlled to achieve maximum efficiencies for diffraction grating applications. More 
specifically, a 65% diffraction efficiency can be achieved if using a 532nm wavelength laser with 
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a directional solidification speed of 24µm/s and etch time of two minutes. The etch depth and 
spacing can be fine-tuned to the application wavelengths for diffractions efficiencies comparable 
to commercial gratings. This could lead to new fabrication avenues for tunable diffraction gratings.  
This highly tunable surface morphology can also open the doors to other applications, such as 
controlled surface energy properties and high aspect ratio surface structures. 
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CHAPTER 4: CONTROLLING ORIENTATION OF EUTECTICS 
UTILIZING TEMPLATE DIRECTED SOLIDIFICATION   
 
This chapter summarizes previous work done on template directed solidification of eutectics [1] 
and discusses initial results found in eutectic directional solidification through periodic cylindrical 
pillar templates. Even though the orientation control was apparent in the Pb-Sn eutectic system, 
AgCl-KCl eutectic was used for a majority of the analysis due to the uniform nature of the 
microstructure. Corresponding phase-field simulations were performed to help explain the 
complex interactions between the solidification front and the template surfaces. The effects of 
pillar spacings and heights with respect to the lamellar spacing were analyzed. When utilizing 
periodic arrays of pillars, lamellar orientation can be controlled by tuning the relative contributions 
of the boundary effects of the template, substrate, and free surfaces.  Work done in collaboration 
with Ashish Kulkarni (Paul Braun Group) and Erik Hanson (Katsuyo Thornton Group at 
University of Michigan).* 
 
4.1 Previous Work on Template Directed Eutectic Solidification 
Utilizing templates to control self-organizing materials can lead to the discovery of new 
symmetry elements not present in either the template or the intrinsic material [3] [4]. These 
template-directed self-organizing materials have potential for photonic [5], sensing [6], and 
                                                        
*Content in this chapter was previously published by the author and reprinted (adapted) with 
permission from Ref [2]. Copyright © 2019 Acta Materialia 
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electrochemical energy storage applications [7].  Recently some groups have looked at applying 
templates to eutectic solidification in order to fabricate unique microstructures [1]. There exists a 
significant number of possible microstructures when utilizing template directed solidification of 
eutectics. This template directed eutectic summary will focus mainly on two papers that have 
studied the effects of utilizing confining template geometries that best relates to this chapter. A 
larger summary of template directed eutectic solidification can be found in the following paper 
[1]. 
The critical challenge of template-directed solidification is to understand how the template 
and processing conditions should be designed to obtain a desired eutectic structure. The template 
material and geometry affect the temperature profile, which could also affect the direction of 
solidification and the resulting eutectic structure [8]. The orientation of the solidifying eutectic is 
driven by surfaces [9] [10] [11] (such as templates, substrates, and free surfaces) that are 
impenetrable by chemical species, and thus impose no-flux boundary conditions for chemical 
concentration. The chemical flux must be tangent to the no-flux boundaries, leading to the eutectic 










Figure 4.1: No Flux Boundary Schematic. Schematic representation of the effects of a no-flux 
boundary on the direction of phase separation. Left: Phase boundaries forming perpendicular to 
the surface requires flux tangential to the surface. This is favorable since the flux is not disrupted 
by the surface. Right: Phase boundaries forming parallel to the surface requires non-zero flux into 
and out of the plane of the surface, which is not penetrable. This is unfavorable since the flux is 
disrupted by the surface. 
 
The effect of these confining surfaces not only applies a no flux boundary condition which 
controls the orientation of the eutectic lamella but can also provide a driving force for rod-lamellar 
changes in confining templates. An example of this occurred in a study of an organic eutectic 
consisting of succinonitrile and (d)-camphor [10]. The eutectic samples were confined and 
solidified at the same solidification velocity, but the confining thickness ranged from 15 to 350 
µm. Figure 4.2 shows the microstructure at the solid liquid interface for the samples with varying 
confinement dimensions. These different microstructures illustrate that at smaller confinement 
thicknesses, the eutectic transitions from the normally seen rod morphology to a lamellar 
morphology. In this case the confinement blocked the lamellar instability modes which would 
normally be present. The lamellar instability modes in this case were larger than the distance 
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between the two confining glass slides. This then allowed for the rods to propagate from the no 
flux surfaces and connect to form stable lamella.  
 
Figure 4.2: Confinement Induced Rod to Lamellar Transition. Succinonitrile and (d)-camphor 
eutectic is directionally solidified in a thin-slab geometry with thickness 𝛿 ranging from 15-350µm. 
A change from rod morphology to lamellar morphology can be observed as the confinement 
thickness decreases to 140µm. The eutectic microstructure is observed in-situ at the solid-liquid 
interface [1] [9].	
 
Another effect that confining geometries can have is on the change in solidification 
mechanism. An example of this occurred in a study of directional solidification of a Sn-Bi eutectic 
in a confining anodized aluminum oxide template. In these experiments the eutectic Sn-Bi was 
filled into the anodized aluminum oxide cylindrical pores with a diameter of about 50nm and 
directionally solidified along the axis of the cylindrical pores. In this case, the expected 
microstructure should align with the direction of solidification (along the axis of the cylinder) but 
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instead the microstructure aligned perpendicular to the direction of solidification (Figure 4.3). In 
addition, the Bi and Sn spacing was not uniform in the pores. This difference in spacing suggests 
that the confinement was small enough bypass normal eutectic solidification and instead force 
nucleation of the individual phases. This would mean that the undercooling required for such a 
small lamella size to fit in the pores is a value higher than the solidification temperature of the 
individual phases.  
 
Figure 4.3: Confined Bi-Sn Eutectic. Eutectic Bi-Sn directionally solidified in anodized 
aluminum oxide cylindrical pores. The results indicate that the confinement forced the Bi-Sn to 
solidify via back and forth nucleation of the individual phases instead of a normal eutectic 
solidification [1]. 
 
4.2 Experimental Procedures  
The silicon pillar template was fabricated using standard photolithography procedures. The 
features of the photomask (HTA Photomask) were circles of diameter ranging 1-10 µm and pitch 
ranging 2-30 µm. Silicon wafers were spin coated with a positive photoresist (SPR220-4). After 
soft-baking under manufacturer recommended conditions, the wafers were exposed using the 
EVG620 mask aligner. Following exposure, the photoresist was developed for 30 seconds in AZ-
400K Developer (in a 1:5 ratio with deionized water). The wafers were then de-scummed using 
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argon and oxygen plasma (in March Jupiter III RIE) at 100W for 2 minutes. The wafers were 
etched via Bosch process (in STS Pegasus ICP-DRIE), and the etching times were adjusted to vary 
the pillar heights. The samples were cleaned with acetone for 5 minutes, and piranha (3:1 ratio of 
H2SO4 and H2O2) treated for 30 minutes. As a final step, the wafers were heated to 600 °C in a box 
furnace to remove any residual polymer. An SEM of one of the pillar templates can be seen in 
Figure 4.4.  
 
Figure 4.4: Silicon Pillar Template. SEM of gold coated silicon pillars made by standard 
photolithography procedures.  Left side is a top down view of the silicon pillars and the right side 
are the same pillars imaged at an angle. 
 
The Pb-Sn eutectic followed the same material synthesis and preparation procedures as in 
Chapter 3. As for the AgCl-KCl eutectic, as-received salts of AgCl (99.999%, Sigma Aldrich) and 
KCl (99.99%, Sigma Aldrich) were mixed as per the binary eutectic composition 70 mol% AgCl 
and 30 mol% KCl (81.77 wt% AgCl and 18.23 wt% KCl) [12]. After mixing, the powders were 
placed in a glass vial capped with aluminum foil (to avoid exposure to ambient light) and then 
heated on a hotplate set to 470 °C for 1 hour in air. 
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A 1” tube furnace (Lindberg Blue M) was heated to 550 °C, and its temperature profile 
was collected using a type K thermocouple and Omega data logger. The tube furnace had a 
temperature gradient of ~5 °C/mm at 319 °C. AgCl-KCl eutectic was placed on a piece of Si wafer 
and held in an alumina crucible. The sample was placed for 10 minutes at the location where the 
furnace temperature was 470 °C. The alumina crucible was anchored to a syringe pump (NE-300, 
New Era Pump Systems Inc.), and drawn out of the furnace at a specified rate. By controlling the 
draw rates from 2µm/s to 630µm/s, average lamellar spacings, λ, of 2.6 μm (with slowest draw 
rate) to 190 nm (with fastest draw rate) were obtained. In the case of pillar templates, a piece of 
salt eutectic was melted on top of the pillars and maintained at 470 °C for 10 minutes in order to 
fully infiltrate the pillar template. The directional solidification of these samples was carried out 
at various draw rates that were chosen to achieve the desired nominal lamellar spacing outside the 
pillar region. A schematic of the directional solidification set up can be seen in Figure 4.5. 
 
Figure 4.5: Furnace Directional Solidification Schematic. Schematic of the directional 




Energy dispersive spectroscopy (EDS) mapping was collected using an Oxford INCA EDX 
analyzer, attached to a Hitachi S-4700 SEM. Powder X-ray diffraction (XRD) patterns were 
obtained using a Philips X’pert MRD system with Cu Kα1 radiation (1.54056 Å). Observed XRD 
peaks were compared with the Joint Committee on Powder Diffraction Standards (JCPDS) 
database. Thermal analysis was carried out using Perkin Elmer Jade differential scanning 
calorimeter (DSC). For DSC analysis the eutectic samples (~10 mg) were placed in Pt pans (Perkin 
Elmer) and covered with Pt lids. Each sample was subjected to two heating and cooling cycles at 
10 K/min. All DSC measurements were carried out from 180-470 °C.  
 
 
Figure 4.6: AgCl-KCl Template Filling. Schematic showing the steps of eutectic infiltration in 
the pillar template and sample preparation for analyzing the cross section.  
 
Directionally solidified samples were peeled from the substrate and their cross section were 
visualized. Figure 4.6 shows a schematic of the process of how the samples were filled, 
directionally solidified, and peeled up for characterization. Scanning electron microscopy (SEM) 
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images were taken using a Hitachi S-4800 SEM. A Hitachi Helios 600i Focus Ion Beam (FIB) was 
used to perform cross-sectional analysis of samples when simple fracturing was not sufficient for 
analysis. The initial cross section was performed operating at 30kV and 2nA. Cleaning cross 
section cuts were performed at 30kV and 80-500pA (required current was sample dependent). 
As-synthesized AgCl-KCl eutectic formed a lamellar structure as observed in plan-view SEM 
images (Figure 4.7a). EDS measurements confirmed the composition of the lamellar eutectic 
microstructure. Peaks associated with K, Ag, and Cl were observed in the atomic ratio similar to 
the expected theoretical ratio of 1:1:2, respectively. EDS elemental mapping discerns the narrower 
component (blue/darker) as KCl and the wider component (yellow/brighter) as the AgCl phase 
(Figure 4.7b). The composition of the eutectic was further confirmed by XRD where peaks 
corresponding to only AgCl and KCl phases were observed (Figure 4.7c). Heat flow curves were 







Figure 4.7: Characterization of AgCl-KCl eutectic. (a) Plan-view SEM image showing the 
lamellar structure that aligns with the solidification direction (white arrow). (b) Elemental 
mapping for Ag and K identifying the yellow (bright/wider) phase as AgCl and the blue 
(dark/narrower) phase as KCl. Inset shows the corresponding SEM image. (c) XRD pattern of the 
eutectic showing the phase purity with peaks corresponding to AgCl and KCl only. (d) DSC heat 
flow curve showing the melting point of the eutectic at 319 °C.  
 
4.3 Understanding Template Controlled Eutectic Orientation  
Directionally solidified eutectic forms a lamellar structure with a characteristic spacing of 
λ as defined in Figure 4.8a with the lamellae aligned parallel to the solidification direction. In the 
absence of a pillar template, the lamellae are oriented vertically (perpendicular to the substrate) as 
a result of the free surface and substrate surfaces being barriers to diffusion (no-flux boundaries) 
that prefer phase boundaries to form perpendicular to them. In this work, the pillar height is defined 
as h, diameter as d, and the smallest pillar-to-pillar edge gap as ae as depicted in Figure 4.8b. A 
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large range of pillar geometries was explored with heights in the range of 400 nm to 6 μm and 
edge gaps in the range of 500 nm to 20 μm. The eutectic alloys were directionally solidified within 
these pillar templates, such that the direction of solidification was perpendicular to the axis of the 
pillars (as shown in Figure 4.8c and 4.8d). The lamellar spacing λ was measured outside of the 
pillar template region, and the morphology of the lamellae between the pillars was observed by 
cross-sectional imaging. Depending on template geometry, we see different lamellar orientations 
between the pillars; either horizontal (denoted as l=) as shown in Figure 4.8c, vertical (denoted as 
l||) as shown in Figure 4.8d, or a mixed state (denoted as l||=). 
 
 
Figure 4.8: Experiment Schematic. (a) In the absence of a template, the lamellae orient vertically 
to the substrate and parallel to the solidification direction. The lamellar spacing is defined by λ. 
(b) Pillar template geometry: pillar height is defined as h, diameter as d, and the smallest pillar-
to-pillar edge gap as ae. (c) Horizontal alignment of eutectic phases (denoted as λ=) within the 
pillar template, and (d) Vertical alignment of eutectic phases (denoted as λ||) within the pillars. 
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In both AgCl-KCl and Pb-Sn eutectic systems, when the solidification front of the 
vertically oriented lamellae enters the pillar template it is observed that the lamellae between the 
pillars change orientation by 90° to align horizontally. For the first set of template-directed 
solidification experiments, Pb-Sn eutectic alloys were initially utilized. The Pb-Sn eutectic was 
chosen because of the single atom components and well-studied characteristics. In addition, the 
Pb-Sn eutectic contained metallic phases which would have provided stronger optical responses 
for future optical applications. The main issue with the Pb-Sn eutectic for these experiments is that 
due to the template filling mechanism only a small range of eutectic fill heights could be achieved. 
Furthermore, when the Pb-Sn eutectic lamellae underwent an orientation change the 
microstructure was not well controlled and difficult to fully analyze. An example microstructure 
can be seen in Figure 4.9. As a result, the more uniform AgCl-KCl eutectic was chosen to fully 
analyze the effect of a cylindrical pillar template on lamellar orientation. Template effects on the 










Figure 4.9: Template Confined Pb-Sn Eutectic. FIB cross section of Pb-Sn infilled pillar template 
showing orientation change of lamella. The sample was coated with a layer of platinum to prevent 
damage from the ion beam during milling. Left side shows the SEM image of the cross section 
while the right side is a schematic of the SEM. In the schematic the Pb is illustrated in yellow 
(lighter phase) and the Sn is illustrated in blue (darker phase). 
 
During solidification, the AgCl-KCl eutectic enters the pillar with a vertical lamella alignment. 
Soon after entering the pillar template, the eutectic alignment changes to a horizontal alignment in 
both experiment and simulation (See Figure 4.10). Above the pillar template, the lamellae remain 
vertically aligned. FIB-milled cross sections from the sample were imaged and compared to the 
phase-field model simulations at the corresponding locations. For a specific solidification velocity, 
the eutectic prefers the optimal microstructure and spacing that achieve a minimum undercooling 
state [13]. Deviation from this optimal lamellar spacing, increases the undercooling. We note that 
simulated solidification of the eutectic in the absence of a template results in undercooling that 






Figure 4.10: Change of lamellar orientation within pillar templates. Phase-field simulation 
results (bottom row) and cross-sectional images (middle row) at the corresponding locations 
indicated by the green dotted line in the top row, showing the change of lamellar orientation from 
(a) vertical outside the pillar region, to horizontal (b) between rows of pillars, and (c) at the pillars. 
Simulation images consist of the computational domain repeated once along the y-direction 






Figure 4.11: Undercooling observed in phase-field simulations. Undercooling values for the 
different conditions of solidification obtained by the phase-field (PF) simulations. The 
undercooling values for the no-template case matches with the Jackson-Hunt [13] solidification 
theory. In the case of solidification within the pillar template, the undercooling values of the 
vertical orientation are higher than the case of horizontal orientation. 
 
When the vertically aligned lamellae reach the pillar template, the solidification front is 
disrupted by the pillars forcing the lamellae to either terminate, increasing the lamellar spacing, or 
become narrower to fit between the pillars, decreasing the lamellar spacing. Alternatively, the 
lamellae could change their orientation to horizontal to preserve the optimal lamellar spacing. 
While this also necessitates an increased undercooling due to the disruption of the diffusion path 
imposed by the pillars, the undercooling is still less than that of the vertical alignment (as shown 
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in Figure 4.11). Moreover, when the simulation was initialized with horizontally oriented lamellae 
that solidify into a pillar template, they did not change their orientation (see Figure 4.12). We note 
that this phase-field model does not account for the differences in the interfacial energy of the 
template for different eutectic phases (more precisely, the model assumes there is no preferable 
contact angle at the template surface for the eutectic phases). Because of this, to ensure we had not 
just observed a special case, the interfacial energy of the pillar surface was modified in experiments 
by coating the pillars (with alumina or silica), and in both cases horizontally aligned eutectic phases 
were observed within the pillar array (see Figure 4.13). 
 
Figure 4.12: Maintaining Horizontal Orientation. Phase-field simulation (bottom row) indicates 
that the lamellae remain horizontal as they solidify within the arrays of pillars if their initial 
orientation is horizontal. Lamellae are consistently horizontal (a) before encountering pillars, (b) 
at pillars, (c) between rows of pillars, and (d) after leaving the template. Simulation images consist 
of the computational domain repeated once along y- and z-direction periodic boundaries. Black 




Figure 4.13: Lamellar Orientation with Different Surface Coatings. Cross-sectional view of the 
lamellar orientation when the pillar surfaces are coated by different materials (a) silica and (b) 
alumina. The silica coating is obtained by heating the pillar template at 1000 °C for 4 hours under 
a continuous flow of O2. The alumina coating is obtained by the atomic layer deposition technique 
(Cambridge Nanotech ALD). 
 
Figure 4.14 illustrates the setup for solidification through one column of pillars (a 
schematic and the image of the pillars in Figure 4.14a), as well as the resulting morphologies at 
the substrate surface (Figure 4.14b) and the cross section along the solidification direction and 
pillar axis (Figure 4.14c). From the images, it is clear that one column of pillars is sufficient to 
change the lamellar orientation. In Figure 4.14b, the apparent lamellar spacing at the substrate 
surface increases beyond the optimal value immediately following the row of pillars, suggesting 
that lamellae are no longer vertically aligned. Once the solidification front moves further past the 
pillars, the deviations in the structure lessen and eventually the structure returns to regular 
lamellae. The restoration of the optimal spacing suggests that the lamellar orientation returns to 
vertical. This can be attributed to the fact that the boundary effect from the template pillars is now 
absent and the boundary effects from the substrate and free surface once again control the 
alignment of the solidifying lamellae. The cross section in Figure 4.14c similarly shows a 
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departure from vertically aligned lamellae immediately following the pillars as evidenced by the 
abrupt decrease in apparent lamellar spacing. Farther past the pillars, the apparent lamellar spacing 
increases once more, suggesting a return to a vertical orientation. The increase in apparent lamellar 
spacing starts at the substrate and moves upward, demonstrating the propagation of the boundary 
effects of the substrate through the material. 
 
Figure 4.14: Solidification around a single row of pillars. (a) Schematic and oblique view SEM 
image of the single row pillar template. (b) Plan view SEM image of the lamellae solidified through 
a single row of pillars. (c) SEM of a FIB prepared cross-section depicting the orientation changing 
from vertical at the start, to horizontal at the pillars and then going back to vertical after the 





Different template geometries result in different lamellar orientations. When l < h, the 
lamellae orient horizontally within the pillar templates as depicted in Figure 4.15a. In cases where 
we have short pillars (such that l ≥ h), vertically oriented lamellae are observed, as shown 
in Figure 4.15b. This vertical orientation occurs due to the reduced contact of the eutectic with 
the pillar surfaces, which lessens the boundary effects of the template relative to the boundary 
effects from the substrate and free surface.  If the pillar templates are only partially infilled such 
that l greater than the thickness of the eutectic layer (denoted as l|| thin), vertically oriented 
lamellae are again observed, as shown in Figure 4.15c. In this case, not only are the boundary 
effects strong, but also horizontally oriented lamellae cannot form due to the fact that even one 
lamellar period cannot fit within the thickness of the eutectic layer. By controlling the competing 
effects of the different surfaces through careful design of the template, we can select either 




Figure 4.15: Various lamellar orientations within the pillars. Columm 1, SEM image of various 
templates. Column 2, cross-sectional SEM image showing the lamellar orientation. Column 3, 
schematics showing the corresponding lamellar orientation between the pillars. (a) shows the 
horizontal orientation, whereas (b) and (c) show the vertical orientation. (d) Complex morphology 
as a result of mixed orientation. (e) Shows vertical orientation between the pillars but horizontal 
orientation at the pillars surfaces. 
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Under certain conditions, more complex morphologies can be obtained. We observe a 
mixed vertical and horizontal orientation (denoted as l||=) of the lamellae (Figure 4.15d) as the 
edge gap between the pillars is increased such that ae > l. When the gap between the pillars is 
increased further, such that ae >> l, the orientation of the lamellae is vertical; however, near the 
surface of the pillars, the lamellae still exhibit an orientation change (Figure 4.15e). This 
orientation change arises due to the boundary effects from the template pillars, which cause the 
lamellar phase boundary to align perpendicular to the pillar surface; this type of mixed orientations 
is denoted as l|| (l=). A graphic representation of the experimentally observed lamellar orientation 
as a function of template dimensions and lamellar spacings is depicted in Figure 4.16. A clear 
trend can be observed in which the horizontal orientation is preferred when the boundary effects 
of the template pillars are dominating. These effects can be counteracted by either reducing the 
height of the pillars or the thickness of the molten eutectic so as to increase the relative contribution 
of the boundary effects of the substrate and free surface. However, this transition is gradual, and 




Figure 4.16: Lamellar Orientation Map. Experimentally observed orientations (data points are 
listed in Table S1 in Supplementary Material) mapped by the parameters of the lamellar spacing 
(λ) and the template geometry (pillar height h and edge-gap ae). The symbols for the orientations 
are explained in the schematics. 
 
4.4 Conclusion 
Pillar templates were used to quantitatively investigate the effects of templates on 
organization of a model lamellar AgCl-KCl eutectic. As the lamellae solidify within arrays of 
pillars, they are forced to modify their spacing, thus increasing the undercooling required for 
solidification. By changing their orientation to be horizontally aligned (perpendicular to the pillar 
axis), the undercooling is minimized. Moreover, by changing the relative contributions of the 
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boundary effects of the substrate and free surface with respect to the boundary effects of the 
template, other lamellar orientations can be obtained. The created orientation map can be used to 
guide the design of templates for the directional solidification of eutectics to expand the palette of 
microstructures emerging from template-directed organization of eutectic systems. 
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CHAPTER 5: “2D” TEMPLATE DIRECTED EUTECTIC 
SOLIDIFICATION 
Chapter 5 starts with a review of previous work done on solidification of thin film materials in 
templates, and then moves to the new research performed as part of this thesis. The chapter will 
cover the directional solidification and confinement effects of nominally 2D pillar templates on 
the structure of dendrites and compare the results to those of previous phase field simulations. The 
effect of template confinement on directional solidification of both Pb-Sn and AgCl-KCl eutectics 
were compared to phase field modelling, and a theory is proposed for the possible structures 
formed. Finally, the chapter discusses more complex confinement including solidification done at 
different angles and interlamellar spacings relative to the periodic template. Work performed in 
collaboration with Ashish Kulkarni of my group and Erik Hanson (Katsuyo Thornton Group, 
University of Michigan). 
 
5.1 Previous Thin Film Solidification Around Pillar Templates 
Although directed self-assembly of materials in templates has been studied [1], not much 
work has been done on solidification of thin film materials in templates. The main example of 
solidification of thin film materials in templates is phase field modelling work done on dendrite 
solidification in 2D pillar templates [2]. The studies looked at three different pillar template 
arrangements modelled after work done in previous papers [3]. Figure 5.1 shows the summary of 
the phase field simulations done on the three different templates. It was found that the dendritic 
microstructure growth follows the shortest path. In Figure 5.1 the directions that include the 
shortest path are indicated by the white lines drawn over the simulations on the left. This work can 
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help explain the mechanisms found in the experimental work done on off eutectic samples in 
section 5.3.  
 
Figure 5.1: Phase Field Modelling of Confined Dendrites. Phase field modelling of dendritic 
structure in a periodic nanopost template containing (a) circular pillars in square lattice 
arrangement, (b) elliptical pillars in hexagonal lattice arrangement, and (c) elliptical pillars in 
hexagonal lattice arrangement spaced further apart [2]. 
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5.2 “2D” Template Directed Solidification Experimental Set-up 
The Pb-Sn eutectic followed the same material synthesis, preparation procedures and 
directional solidification as in Chapter 3 and the AgCl-KCl eutectic followed the same material 
synthesis, preparation procedures and directional solidification as in Chapter 4. An example 
microstructure of both eutectic systems can be seen in Figure 5.2. 
 
Figure 5.2: Pb-Sn and AgCl-KCl. SEM of directionally solidified (a) Pb-Sn and (b) AgCl-KCl. 
Pull direction is bottom to top in both images. 
 
Thin circular pillar templates used in this work also followed the same standard 
photolithography procedures found in Chapter 4. An SEM of one of the pillar templates at a top 





Figure 5.3. SEM of gold coated silicon pillars made by standard photolithography procedures.  
Left side is a top down view of the silicon pillars and the right side are the same pillars imaged at 
an angle. 
 
Once the eutectic was synthesized and the pillar templates fabricated, the eutectic was 
infilled into the pillar templates. In both systems the goal was to produce a thin film eutectic to 
prevent any orientation changes and focus on the 2D diffusional effects of the repeating template. 
The AgCl-KCl and Pb-Sn eutectics each had different methods of infilling the templates.  The 
AgCl-KCl eutectic followed similar procedures in Chapter 4. A small piece of AgCl-KCl eutectic 
was placed on the Si template and held in an alumina crucible at 470℃ for 10 minutes to allow for 
full infiltration of the template. The piece of the eutectic must be small to maintain a thin film of 
the eutectic and prevent overfilling. Figure 5.4 shows an example of the thin layer AgCl-KCl 
eutectic in the pillar template and a FIB cross-section to confirm the vertical orientation of the 




Figure 5.4: Thin AgCl-KCl in Pillar Template. (a) schematic showing predicted orientation of 
thin film eutectic, (b) SEM of thin film AgCl-KCl eutectic in pillar template at 52 degrees, (c) FIB 
cross-section of thin film AgCl-KCl eutectic between pillars to confirm predicted vertical 
orientation. 
 
A different infill procedure was required for the Pb-Sn system due to the high surface 
tension of the eutectic and high susceptibility for oxidation. Although the Pb-Sn eutectic has a 
relatively low surface tension compared to other metals [4], the native oxide on the silicon template 
surface prevents easy wettability of the eutectic. Instead an inert 10nm layer of Au was deposited 
on the template surface via ebeam evaporation. Deposition utilizing ebeam evaporation is 
directional and as a result, only coated the top surfaces of the template. An SEM image in back 
scatter found in Figure 5.5 (a) can help illustrate that the Au (light) coats the top surfaces and the 
sides of the pillars have exposed Si (dark). The inert Au has a high surface energy which allows 
for good wettability of the Pb-Sn eutectic, while the low surface energy of the oxide on the Si pillar 
surface prevents wetting and the eutectic forms a thin film. In order to fill the template, a small 
piece of Pb-Sn eutectic was placed on the silicon substrate outside of the pillar template. A glass 
slide was placed on top of the Pb-Sn to apply a small amount of weight and later seal the metal 
from possible oxidation. The Pb-Sn was then heated to 250℃ on a hot plate in an argon atmosphere 
glove box. The sample was heated for an hour to ensure full wetting of the Pb-Sn eutectic to the 
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substrate. An SEM of a sample that was held for only a minute can be seen in Figure 5.5 (b), 
which shows that samples heated for a short amount of time do not fully infiltrate the template. 
Once the sample was finished heating, the hot plate was turned off and allowed to cool. When 
cooled, a thick layer of the Pb-Sn eutectic surrounded the thin layer in the pillar template and stuck 
to the glass slide creating an inert region of argon between the template and the glass slide. These 
samples could then be directionally solidified outside of the glovebox without oxidation.  
 
Figure 5.5: Filling Pb-Sn in Silicon Template. (a) Back scatter image that shows gold coating 
on the top and bottom of the template but not the sides and (b) gold coated template infilled with 
Pb-Sn eutectic for a minute in an argon atmosphere.  
 
The template filled thin film Pb-Sn eutectic was also analyzed using FIB cross-sectional 
analysis to confirm the vertical orientation of the eutectic. Figure 5.6 shows the cross-section and 
a schematic to better illustrate what is in the cross-section. The FIB sample was coated with a layer 
of electron beam platinum (dark) and ion beam platinum (light) to protect the surface. In addition, 
cutting through such tall hard Si pillars and thin film soft eutectic created difficult etching 
conditions that led to different etching rates resulting in a rougher cross-section. This roughness 
appears between about 1/3 and 2/3 from the left edge of the pillar and creates a change in contrast 
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in the image. The cross-section not only shows the vertical orientation of the eutectic, but also a 
region of the bottom substrate that is not wet by the eutectic. This region is located to the right side 
of the Pb phase. The reason for this gap is due to the fact that no gold was deposited in this region. 
Since the Au deposition is directional, if the pillars are held at any angle that is not directly 
perpendicular to the source, a shadow effect is created by the pillars and no gold is deposited on a 
small portion of the substrate next to each pillar.  
 
Figure 5.6: Thin Pb-Sn in Pillar template. (a) FIB cross-section of platinum coated thin film Pb-
Sn eutectic in pillar template to confirm vertical orientation of lamella, Pb is the lighter phase and 
Sn is the darker phase. (b) shows a schematic of the FIB cross section to better visualize the image 
components.  
 
5.3 “2D” Template Directed Solidification of Dendrites 
When eutectic materials are off eutectic composition, pro-eutectic dendrites nucleate first 
followed by solidification of the eutectic. Depending on thermal gradients, impurities and 
solidification speeds the dendrites can form as columnar or equiaxed dendrites [5]. Template 
directed solidification of thin film samples of dendrites was done using both the AgCl-KCl and 
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Pb-Sn off eutectic systems. Figure 5.7 shows equiaxed dendrites of (a) KCl surrounded by AgCl-
KCl eutectic and (b) Pb surrounded by Pb-Sn eutectic. The final microstructure shows that both 
dendrites end up solidifying following the shortest paths indicated in the phase field simulations 
in Figure 5.1 (a). The primary dendrite arms follow all eight possible paths drawn in Figure 5.1, 
while the secondary dendrites only solidify in the vertical and horizontal directions (see Figure 
5.8 and 5.9 for closer images of secondary dendrite arms). Although secondary dendrite arms 
should be able to form on the diagonal paths, the diagonal paths are more likely to run into other 
secondary dendrite arms and thus terminate the solidification. 
 
Figure 5.7: Off-eutectic Dendrites in Pillar Template. (a) is a zoomed-out SEM image of a KCl 
dendrite formed in an off-eutectic sample that solidified around a circular pillar template in a 
square lattice arrangement with the KCl removed with water. (b) shows a SEM image of a Pb 
dendrite formed in an off-eutectic sample that solidified around a circular pillar template in a 
square lattice arrangement, Pb is the lighter phase Sn is the darker phase.  
 
Although both the Pb and KCl dendrites follow similar template dictated directions there 
is a main difference between the two microstructures. The KCl dendrite wets the template surface 
well while the Pb dendrite does not. As a result, the Pb dendrite avoids contacting any of the pillars 
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during solidification as seen in the two dendrites shown in Figure 5.8. The KCl dendrite on the 
other hand fully wets and surrounds the template pillars. Figure 5.9 (a) shows the ability of the 
KCl dendrite to cross multiple pillars and (b) shows the outwardly curved microstructure of the 
KCl dendrite as it wets a single unit-cell of pillars.  
 
Figure 5.8: Off-eutectic Pb-Sn Dendrites in Pillar Template. SEM images of two Pb dendrites 
formed in an off-eutectic sample that solidified around a circular pillar template in a square lattice 










Figure 5.9: Off-eutectic KCl Dendrites in Pillar Template. SEM images of KCl dendrite formed 
in an off-eutectic sample that solidified around a circular pillar template in a square lattice 
arrangement where KCl is removed. (a) shows the center region and primary arms of the dendrite 
and (b) shows one of the dendrite arm ends including secondary dendrite arms. Scale bars are 
10µm. 
 
5.4 “2D” Template Directed Solidification of Eutectics 
Due to the uniform microstructure formed using phase field modelling, 2D phase field 
modelling was first utilized to understand and model directional solidification of eutectics through 
a pillar template. Figure 5.10 shows the first set of 2D phase field simulations done using the 
parameters of AgCl-KCl eutectic used in Chapter 4, through a circular pillar template arranged in 
square lattice. Figure 5.10 (a) is a simulation where the preferred eutectic interlamellar spacing 
was on the order of the template unit cell and (b) is a simulation where the preferred interlamellar 
spacing allowed two λ to fit in a single unit-cell. In the scenario that the interlamellar spacing is 
on the order of the template spacing, the eutectic lamella microstructure remains relatively similar 
to the no template case. The variation is in the fluctuations of the interlamellar spacing as the 




Figure 5.10: Initial Phase Field Simulation Results. Phase field simulation of a eutectic with 
AgCl-KCl eutectic parameters, solidifying through a square lattice arranged circular pillar 
template. (a) is the eutectic solidifying at a speed such that the template unit cell size (center to 
center distance between circles) is the interlamellar spacing λ and (b) is at a speed such that the 
interlamellar spacing fits 2 λ in the template unit cell.  
 
Figure 5.10 (b) on the other hand shows a much different microstructure from the normal 
lamellar microstructure. Instead of regular lamella, a “C”, or split ring resonator like shape forms 
around the pillars. The static image in Figure 5.10 (b) does not illustrate what is causing the 
eutectic to solidify like this. Instead Figure 5.11 shows a step by step illustration of what is causing 
the “C” like microstructure to form. Figure 5.11 (a) is an illustration of a lamellar fault or 
termination that commonly occurs at changing interlamellar spacing or other fluctuations in the 
microstructure [6] [7] [8]. In this case the fluctuation is caused by the pillar. The dotted line shows 
a probable location of the pillar in relation to the fault. The green or darker phase solidifies around 
the pillar, and when it reaches the opposite side of the pillar, a build-up of atoms from the yellow 
or lighter phase is accumulated due to the rejection from the green phase. This can be seen in the 
phase field model shown in Figure 5.12. This build-up of the yellow phase atoms forms the fault 
that can be seen in Figure 5.11 (a). The fault is then repeated for multiple pillars in Figure 5.11 
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(b). Now eutectic solidifying immediately after the pillar has an interlamellar spacing that is 
smaller than the preferred size. To remedy this, another fault forms to increase the spacing back to 
the preferred size. Figure 5.11 (c) shows an overlay drawn in black for where the fault could form 
to bring the spacing back to the preferred size. Finally, Figure 5.11 (d) shows the final 
microstructure after including the fault from Figure 5.11 (c). The final microstructure in Figure 
5.11 (d) is similar to the one simulated in Figure 5.12.  
 
Figure 5.11: Split Ring Resonator Microstructure Formation. Multiple schematics to give a step 
wise explanation of the split ring resonator like structures formed when the pillar unit cell spacings 
are twice the eutectic lamellar spacings and solidification is left to right. (a) shows a schematic of 
a lamellar fault or termination that occurs during changes in lamellar spacing or other 
instabilities and (b) is the same fault repeated over multiple pillars. (c) shows the second lamellar 
fault sketched over the schematic in (b). Finally (d) shows the final microstructure that would be 




Figure 5.12: Liquid Concentrations in Phase Field Model. Phase field model of the “C” 
structures formed during directional solidification of a eutectic with interlamellar spacing that 
can fit 2 λ in a unit cell showing the concentration of atoms in the liquid. The left side shows the 
final microstructure around one of the pillars and the right shows the concentration profile of the 
simulation in the liquid. In this simulation the liquid is a green color (mixture of the yellow and 
blue of the atoms) while the atoms found in the yellow phase are yellow and atoms found in the 
blue phase are blue.  
 
Now that we have the predicted microstructure from phase field modelling, the next step 
was to confirm the structures in experiment. Figure 5.13 shows the AgCl-KCl eutectic 
directionally solidified at two different speeds in similarly sized templates. Figure 5.13 (a) is the 
sample with solidification velocity that corresponds to an interlamellar spacing on the order of the 
unit cell of the template. This result corresponds well with the simulated results in Figure 5.10 (a). 
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Figure 5.13 (b) is the sample with solidification velocity that corresponds to an interlamellar 
spacing that would fit two λ per unit-cell. In this sample, initially the microstructure looks similar 
to that simulated in Figure 5.10 (b), but the “C” structure is facing the opposite direction even 
though the solidification direction in both cases are left to right. The theory behind this difference 
in the direction of the “C”’s can be found in another step by step schematic found in Figure 5.14. 
 
Figure 5.13: AgCl-KCl Eutectic in Pillar Template. A thin film AgCl (lighter phase) KCl (darker 
phase) eutectic was directionally solidified at two different speeds where (a) shows the 
microstructure with an interlamellar spacing equal to the unit cell spacing and (b) shows the 
microstructure when the unit cell spacing is twice that of the interlamellar spacing. In both 
samples the solidification direction is from left to right.  
 
In this theory the eutectic microstructure is again affected by a fault caused by the template 
pillar, but this time the fault is flipped (Figure 5.14 (a)). The reason for this flip is that the lamella 
are terminating at the pillar surface instead of bending around the pillar. Since the template has 
multiple pillars that are forcing this eutectic termination the microstructure after the pillars is more 
accurately shown by including more pillars in the schematic as seen in Figure 5.14 (b). Now the 
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eutectic that would solidify after the pillar has a larger interlamellar spacing than the preferred 
spacing. As a result, a second fault is formed after the pillars to force the transition back to the 
preferred spacings. This is illustrated again by a drawing of the possible fault over the schematic 
in black as seen in Figure 5.14 (c). This new fault then immediately hits another set of pillars 
forcing the termination of the new lamella again (see Figure 5.14 (d)). The creation of a new 
lamella by the second fault, with an immediate termination at the next row of pillars is what is 
creating the hooked part of the “C” structure. Adding another set of pillars in Figure 5.14 (e) 
illustrates how this pattern can continue, and form the final microstructure that is similar to that 







Figure 5.14: Flipped Split Ring Resonator Microstructure Formation: Multiple schematics to 
give a step wise explanation of the flipped version of the split ring resonator like structures formed 
in experiment when the pillar unit cell spacings are twice the eutectic lamellar spacings and 
solidification is left to right. (a) shows a schematic of a lamellar fault or termination that occurs 
during changes in lamellar spacing or other instabilities. A lamellar fault would occur at the pillar 
due to the termination of the lamella caused by the pillar surface, and (b) shows the same 
termination with multiple pillars. (c) the second lamellar fault is sketched over the schematic in 
(b) caused by a larger lamellar spacing than preferred. (d) shows the microstructure that would 
be formed when incorporating this second lamellar fault for multiple pillars. (e) shows the same 




Even though it is difficult to get well ordered Pb-Sn eutectic microstructure (see Chapter 
3), it is possible to get well ordered solidification in smaller regions of the samples. As a result, 
the Pb-Sn eutectic samples were also looked at to compare to the phase field simulations. The Pb-
Sn eutectic does not form large enough interlamellar spacings to reach a λ on the order of the unit 
cell in the templates used, so the first simulation could not be reproduced. Instead the condition 
where two λ could fit into one unit-cell was analyzed. Figure 5.15 shows a successful portion of 
this type of solidification. The Pb-Sn microstructure is showing a “C” shaped structure around the 
pillars. In this case though, the “C” shape of the Pb phase is facing the same direction as the 
simulations and not the same direction as the KCl phase.  
 
Figure 5.15: Split Ring Structures in Template Directed Pb-Sn. SEM of Pb (lighter phase) Sn 
(darker phase) eutectic directionally solidified at 16 µm/s (expected λ is 1.2µm) left to right with 
region showing split ring resonator structures boxed with a black dotted line.  
 
A possible explanation for this relates back to the surface tensions of the different eutectics 
and phases. Both AgCl and KCl readily wet the template surface. As a result, the two liquid 
components easily wet the pillars. When the solid front reaches the first set of pillars the AgCl and 
KCl phases would prefer to terminate at the pillar surface. The reason for this preference goes back 
to the no flux boundary condition, where the lamella of the eutectic prefer to orient perpendicular 
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to phase boundaries due to concentration fluxes in the liquid. This perpendicular orientation of the 
lamella to the pillar is causing the termination that was seen in Figure 5.14 (b) and would thus end 
up with the final microstructure in Figure 5.14. The Pb and Sn atoms in the eutectic liquid on the 
other hand both prefer to avoid the pillar surface. The best configuration to minimize the difference 
in these surface tensions and energies is for the Pb phase (the phase with intermediate surface 
tension) to solidify between the oxide on the Si template (lowest surface energy) and the Sn phase 
(highest surface tension). This preference leads to the wrapping of the Pb phase around the pillar 
and thus leads to the microstructure illustrated in Figure 5.11. 
 
 
5.5 Surface Energy Effects on the “2D” Directed Structure 
Now that the importance of surface energy has been shown, the next step is to see how else surface 
energies can affect the template directed eutectic microstructures. In order to try to simulate the 
effects of surface energies, a contact angle was implemented between the eutectic phases and 
template surface. Figure 5.16 shows two different phase field simulations of Pb-Sn solidifying at 
24µm/s, which would achieve an interlamellar spacing such that two λ would fit in a template unit-
cell. The top image has a contact angle of 60 degrees and the bottom image has a contact angle of 





Figure 5.16: Phase Field Simulations at Different Contact Angles. Phase field simulations of 
Pb-Sn directionally solidified through circular pillars in a square lattice arrangement with a 
center to center spacing of 1.6µm. The Pb-Sn was directionally solidified left to right at 24 µm/s 
(interlamellar spacing of 0.8 µm) to solidify two λ for one-unit cell. The top image is modelled 
with a liquid to template contact angle of 120 degrees and the bottom image is modelled with a 
contact angle of 60 degrees. 
 
Another way to adjust the contact angle of the phases with the template is to apply different 
contact angles for each individual phase. In Figure 5.17 the top figure has both phases maintaining 
a contact angle of 60 degrees with template while the bottom image is a simulation where the 
yellow phase has a contact angle of 60 degrees and the blue phase has a contact angle of 90 degrees. 
In the second case, the yellow phase begins to show preferential wetting of the pillars to reduce 
the overall tension of the system. This confirms the theory suggested in Section 5.4, that the Pb 




Figure 5.17: Phase Field Simulations with Different Component Contact Angles. Phase field 
simulations of Pb (blue phase) Sn (yellow phase) eutectic directionally solidified through circular 
pillars in a square lattice arrangement with a center to center spacing of 1.6µm. The Pb-Sn was 
directionally solidified left to right at 24 µm/s (interlamellar spacing of 0.8 µm) to solidify two λ 
for one unit-cell. The top image is modelled with the liquid to template contact angle 60 degrees 
and the bottom image is modelled with a Pb contact angle of 90 degrees and a Sn contact angle of 
60 degrees. 
 
Figure 5.18 shows a template directed AgCl-KCl eutectic where both the AgCl and KCl 
phases have approximately equal surface area touching the template pillars. Figure 5.19 on the 
other hand shows a template directed Pb-Sn eutectic where the Pb fully surrounds the pillars 
preventing the Sn phase from wetting the pillars. Another note, the microstructure in Figure 5.18 
matches the bottom image of Figure 5.17 and the microstructure in Figure 5.19 matches the top 




Figure 5.18: AgCl-KCl Eutectic in Pillar Template. A thin film AgCl (light phase) KCl (dark 
phase) eutectic directionally solidified left to right at a speed of about 7 µm/s to give an 
interlamellar spacing of around 1.5µm. 
 
 
Figure 5.19: Split Ring Structures in Template Directed Pb-Sn. SEM of Pb (lighter phase) Sn 




5.6 Spacing and Directional Effects on Microstructure 
The final aspect that this chapter will look at is some of the other possible microstructures 
formed in template directed solidification of eutectics. These microstructures were formed at faster 
solidification speeds and different angles, with some well simulated by phase field modelling. This 
is by no means the extent of possible microstructures formed by template directed solidification 
and only begins to scratch the surface.  
The first microstructure is the Pb-Sn eutectic directionally solidified at an angle diagonal 
to the pillar template. Figure 5.20 shows the Pb-Sn eutectic directionally solidified at a speed to 
produce an interlamellar spacing that fits 2 λ in one-unit cell, but at an angle diagonal to the pillar 
template. The structure generally shows alternating layers of connected Pb surrounding the posts 
and disconnected Pb surrounding the posts. The microstructure formed is better visualized in the 
phase field modelling of a similar system shown in the top image of Figure 5.21. The disconnected 
Pb phases are formed due to the connected phases above and below. Because the template is at an 
angle, the distance between the top and bottom rows are smaller than the length of the pillar unit-
cell. As a result, if two rows were connected the interlamellar spacing would be smaller than the 






Figure 5.20: Template Directed Pb-Sn at Diagonal: SEM of Pb (lighter phase) Sn (darker phase) 
eutectic directionally solidified at 16 µm/s (expected λ is 1.2µm) left to right. The direction of 
solidification is aligned with the diagonal of the square lattice. 
 
Figure 5.21: Phase Field Simulations with Different Directions and Speeds. Phase field 
simulations of Pb (blue phase) and Sn (yellow phase) directionally solidified through different 
circular pillar arrangements. Both simulations are modelled with the liquid to substrate contact 
angle of 60 degrees and Pb-Sn was directionally solidified left to right at 24 µm/s (interlamellar 
spacing of 0.8 µm). The top model is a square lattice arrangement with a center to center spacing 
of 1.6µm and an extra circle in the center. The bottom image is a square lattice arrangement of 
circles with a center to center spacing of 3.2 µm to allow for a 4 λ to one unit-cell arrangement. 
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The next microstructure is formed by directionally solidifying AgCl-KCl eutectic at speeds 
that are faster than used previously, to force 3λ to fit in a single unit-cell.  The resulting 
microstructure can be seen in Figure 5.22. In this case the KCl phase begins to form lamella that 
terminate at the pillars and lamella that solidify between the pillars. In addition, there are some 
disconnected “C” structures that would be formed from two KCl lamella terminating at a pillar 
surface. Although the disconnected “C” structures could not successfully be shown in simulation, 
the connected structures can be seen in the simulation shown in the bottom of Figure 5.21. 
 
Figure 5.22: Template Directed AgCl-KCl at Fast Speeds: A thin film AgCl (light phase) KCl 
(dark phase) eutectic directionally solidified left to right at a speed to give a spacing such that 3-
4 λ would fit in one unit-cell. 
 
 The smaller interlamellar spacing leads to the possible formation of two different 
microstructures depending on the alignment of the lamella with the pillar template. If lamella align 
such that two KCl (darker phase) lamella line up with the pillar surfaces a double termination 
would occur at the pillar surface. This is better illustrated in Figure 5.23. Figure 5.23 (a) shows 
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the termination of two of the darker phase lamellae at a single pillar surface. This alignment forces 
all of the darker phase lamella to terminate at the pillar surfaces.  As a result, only the AgCl (lighter 
phase) would continue past the pillars. This would lead to a build-up of KCl and a formation of 
multiple KCl faults shown in Figure 5.23 (b). When this microstructure reaches another set of 
pillars a second termination takes place as seen in Figure 2.23 (c). Finally, when the microstructure 
is repeated over multiple columns of pillars the final schematic can be obtained as shown in Figure 
2.23 (d). The experimental microstructure is shown in Figure 2.23 (e) and the dotted line contains 
regions showing this broken “C” microstructure.  
 If lamella align such that one KCl lamella lines up with the pillar surface and one KCl 
lamella lines up in-between the pillars, a different microstructure will form. This microstructure is 
better illustrated in Figure 5.24. The lamella that lines up with the pillar terminates at the pillar 
surface and the other lamella continues undisturbed between the pillars see Figure 5.24 (a). Past 
the pillars the lamellar spacing is larger than the preferred spacing so a lamellar fault is formed 
(Figure 5.24 (b)). The new lamella formed by the faults then terminate again at the next set of 
pillars (Figure 5.24 (c)) and then by introducing multiple columns the final microstructure 
schematic is shown in Figure 5.24 (d). Figure 5.24 (e) is the experimental microstructure and the 






Figure 5.23: Disconnected C Structures. Multiple schematics to give a step wise explanation of 
the disconnected split ring resonator like structures formed in experiment when the pillar unit cell 
spacings are three times the eutectic lamellar spacings and solidification is left to right. (a) shows 
the termination of the two KCl lamella at the pillar surface and (b) illustrates the possible new 
KCl lamella formation due this termination. (c) illustrates the newly formed lamella terminating 
at the next set of pillars and (d) shows the microstructure that would be formed when incorporating 
multiple pillars. Finally, (e) shows the experimental microstructure with similar structure boxed 






Figure 5.24: Disconnected C Structures. Multiple schematics to give a step wise explanation of 
the disconnected split ring resonator like structures formed in experiment when the pillar unit cell 
spacings are three times the eutectic lamellar spacings and solidification is left to right. (a) shows 
the termination of one KCl lamella at the pillar surface and one KCl lamella continuing between 
the pillars. (b) illustrates the possible new KCl lamella formation due this termination. (c) 
illustrates the newly formed lamella terminating at the next set of pillars and (d) shows the 
microstructure that would be formed when incorporating multiple pillars. Finally, (e) shows the 




Finally, the last microstructure formed utilized speeds even greater than before, such that 
5 λ could fit in a single unit-cell. Pb-Sn was directionally solidified at 100 µm/s to try to achieve 
this small spacing. The resulting microstructure can be seen in Figure 5.25. At these speeds the 
Pb-Sn eutectic is not well controlled. Instead both vertically and horizontally oriented lamella can 
be seen. The structure shows a general trend that the lamella solidifying directly through the pillars, 
either horizontally or vertically, maintain a more ordered structure. If the structure begins to 
solidify diagonally, the structure is less controlled. 
 
Figure 5.25: Template Directed Pb-Sn at Fast Speeds. SEM of Pb (lighter phase) Sn (darker 
phase) eutectic directionally solidified at 100 µm/s (expected λ is 0.5µm) right to left. The spacing 






Pillar templates were used to investigate the effects of templates on the organization of thin 
film eutectics in both experiment and phase field simulations. As the lamellae solidify within 
arrays of pillars, they are forced to modify their spacing due to pillar disturbances and thus form 
eutectic microstructures not normally solidified. The change in spacing produces microstructures 
with lamellar faults, and since the pillar templates consist of a repeating structure, these lamellar 
faults are then repeated. Depending on the spacing and size of the pillar templates, the pillar 
disturbances can produce repeat microstructures that closely resemble a split ring resonator like 
shape. Moreover, by changing the surface tension of the eutectic components in relation to the 
template, a large range of possible microstructures can be obtained. The surface tension of the 
eutectic components effects the preference for which phase wets the template and thus how the 
phases organize within the template. The theories proposed in this chapter on how these new 
microstructures are formed, could influence the future design of templates for the directional 
solidification of eutectics to expand the possibilities of unique microstructures for applications 
such as optics. 
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CHAPTER 6: NON-FACETED/FACETED CAMPHOR-
BIPHENYL BINARY EUTECTIC 
 
Chapter 6 focuses on work done on faceted/non-faceted eutectics in the form of D-camphor-
biphenyl eutectic. The chapter starts with a review of the minimal work done on this eutectic 
system and then moves to new research work done in this thesis. The binary phase diagram 
consisting of D-camphor and biphenyl was determined using differential scanning calorimetry 
(DSC) and the eutectic was directionally solidified. During directional solidification the effects of 
thermal gradient on faceted/non-faceted eutectics was explored by directionally solidifying the 
sample at the same speeds but different thermal gradients. Work performed in collaboration with 
my undergraduate student Emily Foley and Vladka Vtomecek (John Halloran, University of 
Michigan.) 
 
6.1 Previous Work on the Camphor-Biphenyl Eutectic 
Although organic eutectics are a common material class looked at in eutectic solidification 
research due to the low melting temperature and transparency, very little work has been done on 
the camphor-biphenyl eutectic. The main paper that has touched on this eutectic looked at 
nucleation and growth of organic eutectics on nucleating crystals placed in the sample [1]. Figure 
6.1 shows the main result of the paper. The results show that the eutectic only nucleated on a 
biphenyl crystal and not a camphor crystal. In addition, it was found that the biphenyl crystal would 
transition from faceted to non-faceted depending on the face of the crystal and the temperature of 
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the system. This transition took place at 67 ℃ for the (110) face and at 65.2 ℃ for the (201) face. 
This transition will be explored more in section 6.3.  
 
Figure 6.1: Solidification of Biphenyl-Camphor System. (a) shows the faceted growth of the 
(001) face and non-faceted growth of the (201) and (110) faces at 67.7℃, (b) shows faceted growth 
of the (001) and (110) faces at 65.8 ℃, and non-faceted growth of the (201) face, (c) shows faceted 
growth of all three faces at 64.5℃, and (d) shows nucleation of eutectic on the biphenyl crystal at 
29.8℃  [1]. 
 
6.2 Determination of the Camphor-Biphenyl Phase Diagram 
Although there have been previous experiments on the organic eutectic consisting of 
camphor and biphenyl, a binary phase diagram consisting of the two components has not been 
determined. A PerkinElmer differential scanning calorimeter (DSC) with Pyris Manager software 
was utilized to better understand the binary phase diagram. Twenty samples were processed 
ranging from 0 to 100 wt% camphor. Reagent plus 99.5% biphenyl from Sigma Aldrich and >97% 
FG d-camphor from Aldrich was used in these experiments. To prepare the samples, camphor and 
biphenyl crystals were weighed directly into the TA Instruments tzero pan (901683.901) and a TA 
Instruments hermetic lid (901684.901) was placed on top. Utilizing a standard DSC crimping tool, 
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the samples were fully sealed into the pans. The sealed DSC pans were then placed on a hot plate 
at 200℃ for 30 minutes to fully melt the two components. After this step the samples were ready 
for DSC. The samples were heated at 10 ℃/min and cooled at 10 ℃/min from 20℃ to 200℃. In 
some cases where the peaks were close together, such as near the eutectic composition, rates of 5 
℃/min were utilized. Each sample was heated and cooled at least twice to confirm the peaks 
measured.  
Once all 20 samples were analyzed using DSC the experimentally determined phase 
diagram could be put together (see Figure 6.2). The onset peaks of the DSC curves were used to 
determine the temperatures on the phase diagram. Once all of the peaks were plotted, the solidus 
lines, liquidus lines etc. were easy to identify. General best fit trend lines were used to better 
illustrate the lines of the phase diagram. The phase diagram shows that a eutectic composition 







Figure 6.2: D-Camphor-Biphenyl Phase Diagram. D-camphor and biphenyl binary phase 
diagram determined from DSC measurements. The orange indicates the liquidus the grey indicates 
the solidus and the green indicates the solvus of the camphor phase. The light blue line is the 
eutectic isotherm. The dark blue indicates the liquidus, the dark red indicates the solidus and the 
yellow indicates the solvus of the biphenyl phase. 
 
6.3 Experimental Set-up and Results of Camphor-Biphenyl Directional 
Solidification  
D-camphor and biphenyl were combined at the eutectic composition of 52.3 wt% biphenyl. 
The combination was placed in a sealed container and heated with a heat gun to roughly 70 °C to 
form the eutectic. A small amount of eutectic material was then placed between two glass slides, 
melted, and sealed with 5-minute epoxy to prevent evaporation. The eutectic samples were 
directionally solidified at University of Michigan on a controllable temperature gradient stage 
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under a Zeiss axioscope A1 microscope. The eutectic was directionally solidified at a constant 
velocity in a constant thermal gradient. All of the samples were directionally solidified at a velocity 
of 0.5 µm/s. The samples were analyzed using 3 different thermal gradients: 25°C/mm, 60°C/mm, 
and 95°C/mm.  
The eutectic samples were directionally solidified at varying temperature gradients and the 
images of this solidification process are shown in Figure 6.3. The pink phase or thinner phase 
shown in Figure 6.3 is D-camphor and the green phase or wider phase shown is biphenyl. 
 
Figure 6.3: Directional Solidification of Camphor Biphenyl Eutectic. Images showing 
directional solidification of D-camphor-biphenyl eutectic at a velocity of 0.5 µm/s and thermal 
gradients of (a) 25°C/mm, (b) 60°C/mm, and (c) 95°C/mm. The pink phase (thinner phase) shown 
is D-camphor and the green phase (wider phase) is biphenyl. 
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The interlamellar spacing was analyzed using ImageJ. To determine the final interlamellar 
spacing, the interlamellar spacing of multiple points along the solidification front, middle, and end 
were estimated using ImageJ. Using ImageJ, the average interlamellar spacing’s of 9µm, 7µm, and 
5µm were observed for solidification in thermal gradients of 25°C/mm, 60°C/mm, and 95°C/mm, 
respectively.  The inconsistency between the interlamellar spacing values for different thermal 
gradients shows that there is a correlation between the interlamellar spacing and the thermal 
gradients.  
The undercooling and spacing of non-faceted/non-faceted eutectics are often reported to 
be unaffected by thermal gradients [1]. Previous studies on non-faceted/faceted eutectics on the 
other hand have shown that an increasing temperature gradient causes a decreasing interlamellar 
spacing [2] [3]. One paper even came up with a relationship between interlamellar spacing and 
temperature gradient as: 
𝜆 ∝ 𝑉$%/'𝐺$%/) 
although this relationship was not well explained [4]. Using this relationship and the first observed 
interlamellar spacing at a thermal gradient of 25°C/mm, a constant of 18.6 could be estimated. As 
a result, the equation would be: 
𝜆 = 18.6 ∗ 𝑉$%/'𝐺$%/) 
for the D-camphor and biphenyl eutectic where velocity is in µm/s interlamellar spacing is in µm 
and the thermal gradient is in °C/mm. With this equation a spacing of 6.7µm and 5.7 µm were 
predicted for the thermal gradients of 60°C/mm, and 95°C/mm, respectively.  
Another phenomenon evident in the images shown in Figure 6.3 is that the faceted phase, 
biphenyl, exhibits non-faceting behavior with increasing thermal gradient. In the figures above, 
the change in faceting behavior can best be seen at the solidification front. As the thermal gradient 
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increases, the solidification front of the biphenyl phase changes from sharp facets to rounded solid. 
All previous predictions for faceting behavior, including the alpha factor described in Chapter 6, 
assume equilibrium conditions. Equilibrium conditions during solidification require a constant 
temperature across the sample. Consequently, creating a large thermal gradient pushes the sample 
out of equilibrium. Jackson determined that if a sample is pushed out of equilibrium a non-linear 
term of -LΔT/kTET can be added to the original free energy equation [6]. A way to visualize this 
is that the free energy curves in Figure 2.10 are hinged at the origin and the right-side swings 
down proportional to ⍺. As a result, some phases that exhibit faceted behavior can transition to 
non-faceted growth at non equilibrium temperatures. Due to the high thermal gradients of 
60°C/mm, and 95°C/mm, the biphenyl phase, with an original alpha factor of around 6.5, was 
pushed enough out of equilibrium to transition to non-faceted growth mechanisms. The exact 
transition could not be confirmed but can be estimated to be between 60 and 95°C/mm based on 
the images in Figure 6.3. 
 
6.4. Conclusion  
The binary phase diagram of the d-camphor and biphenyl system was successfully created 
and a eutectic composition of 47.7 wt% d-camphor with a eutectic temperature of 29.1°C was 
confirmed.  The eutectic shows a decrease in interlamellar spacing at increased thermal gradients 
and a faceted to non-faceted transition as the thermal gradient increases. The exact transition could 
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CHAPTER 7: ELECTRODEPOSITION OF COPPER IN COPPER 
INVERSE OPALS 
 
Chapter 7 focuses on work done on copper electrodeposition in a polystyrene opal template to 
form a copper inverse opal with a solid copper cap layer. The goal of the project is to build a copper 
inverse opal with a dense copper layer on top through electrodeposition. The chapter starts with a 
review of the project and general background on copper inverse opals. The remaining work focuses 
on a new discovery of copper electrodeposition underneath the polystyrene spheres depending on 
the annealing times and functional groups on the polymer surface. This preliminary work was 
performed in collaboration with Gaurav Singhal, a master’s student in our group.  
 
7.1 Previous Work Done on Copper Inverse Opals 
The goal of the project is to utilize a metal inverse opal on electronic devices and use the 
flow of coolant through the inverse opal to cool the device while also maintaining electrical contact 
and current flow. A copper inverse opal was chosen as the best option for this application. The 
goal is to use electrodeposition of copper to form the inverse opal on top of the device and then 
use electrodeposition of copper to seal off the top, to create an enclosed system for coolant flow. 
Previous work has been done looking at applications of copper inverse opals in cooling and water 
flow applications due to the possible combination of high conduction and convection in these 
systems [1] [2]. One paper looked at the effect of annealing times of the polystyrene opal on the 
capillary performance of copper inverse opals [3]. The work found that with increased sintering 
times the pore openings increased and thus affected the permeability of the samples.  
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7.2 Experimental Procedures 
The first step is to fabricate the best substrate to form the copper inverse opal. The substrate 
of silicon was chosen to best represent the substrate of the device that will be utilized in the final 
design. This silicon substrate is then coated with 100nm of gold with a 5nm chromium adhesion 
layer using ebeam evaporation followed by 5mins of piranha (3:1 mixture of H2SO4 and H2O2) to 
remove any residue from the surface. The gold layer is a good choice due to its stability in many 
environments. Since gold is so inert, another functionalization step is required to provide enough 
attraction between the polystyrene spheres and the substrate. This functionalization is done using 
a sodium 3-mercapto-1propanesulfonate solution.  
The next step is to fabricate the copper inverse opal. The substrate is placed at an angle in 
a colloidal suspension consisting of about 0.1% w/v 500 nm carboxylate modified polystyrene 
spheres in water. This solution is then heating in an incubator at 55℃ until the solution is fully 
evaporated. After the solution has evaporated the incubator temperature is increased to 95℃ in 
order to fuse the polystyrene spheres and increase the adhesion of the spheres and the substrate. 
Once the opal is formed on the substrate the next step is to electrodeposit copper to form the copper 
inverse opal. This is done using the Sigma Aldrich high-speed bright copper electroplating solution 
at 150 mA/cm2 for a few minutes. Varying the amount of time will change the thickness of the 
copper inverse opal. A small note is the polystyrene opals are submerged in ethanol or isopropyl 
alcohol before dipping into the copper electrolyte to allow for full wetting of the electrolyte. In 
addition, once the samples are placed into the electrolyte they should not be removed until a layer 
of copper is electroplated. If the sample is removed, the surface tension of the electrolyte can cause 
the polystyrene opal to delaminate from the substrate.  
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The final step in forming the device consists of capping off the inverse opal and removing 
the polystyrene spheres. The remaining polystyrene spheres that are not surrounded by 
electroplated copper are removed using scotch tape. The sample is then placed back into the copper 
electrolyte and the capped layer is plated at a lower current of 5-10mA/cm2. The lower current 
density is used to create a more uniform surface. A FIB cross section of this structure can be seen 
in Figure 7.1. Once the capped layer is formed it is then polished using an Allied Multiprep 
mechanical polishing tool and further smoothed with a Gatan precession etching coating system. 
Finally, to form the final device, the remaining polystyrene spheres are removed by soaking the 
sample in tetrahydrofuran (THF) for several hours.  
 
Figure 7.1: Capped Copper Inverse Opal on Silicon Substrate. FIB cross section of a sample 
following the procedures found in Section 7.2. The resulting structure is a copper inverse opal on 





7.3 Copper Under Deposition Results 
Delamination of the polystyrene opal into the electrolyte during copper electrodeposition 
was a common occurrence. As a result, different electrodeposition current densities were explored 
to see the effects on delamination. Electrodeposition at 150mA/cm2 produced consistent copper 
inverse opals and minimal delamination issues. It was only when the current density was decreased 
that delamination was evident, and no inverse opal was formed. Figure 7.2 shows two cross-
sections, one where the electrodeposition was done at 5mA/cm2 and the other that was done at 
50mA/cm2. Both samples show that copper electrodeposition occurred underneath the polystyrene 
spheres. The sample electroplated at 5mA/cm2 had very few polystyrene spheres remaining on the 
substrate, while the 50 mA/cm2 sample had much larger regions. The cross-sectional images 
clearly show that the copper is being electrodeposited underneath the spheres at these current 
densities. Figure 7.3 shows the top surface of these under deposited samples, specifically the 
sample shown in Figure 7.2 (b). 
 
Figure 7.2: Copper Electrodeposition Underneath Polystyrene Spheres. At current densities 
below 100mA/cm2 copper begins to deposit underneath the polystyrene spheres. (a) shows a FIB 
cross section of a sample with copper electrodeposition at 5mA/cm2 for 5 minutes and (b) shows 
a FIB cross section of a sample with copper electrodeposition at 50mA/cm2 for 5 minutes. 
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Figure 7.3: Top Surface of Under Deposited Spheres. The top surface of the sample from Figure 
7.2 (b) with polystyrene spheres removed using THF. (a) shows a SEM image directly above the 
surface and (b) shows an SEM image at an angle of 52 degrees.  
 
Since there is copper deposition occurring underneath the polystyrene spheres, the copper 
ions from the electrolyte must have enough time to diffuse underneath the polystyrene spheres and 
then deposit onto the substrate. In the case of higher current densities, the rate of deposition of 
copper onto the substrate must be faster than the rate of diffusion around the spheres. As a result, 
the copper begins to deposit around the spheres instead of underneath and thus form a copper 
inverse opal.  
The current density was not the only factor to affect the deposition around the polystyrene 
spheres. In cases where the polystyrene opal was annealed at a higher temperature there was no 
copper deposited underneath the polystyrene spheres. When the polystyrene opal was sintered at 
105℃ instead of the usual 95℃, the copper under deposition did not occur. The electro deposition 
was tested at a low current density of 5mA/cm2 and no copper under deposition occurred when the 
samples were annealed at 105℃ (Figure 7.4). Although a full copper inverse opal was not formed 
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in this sample due to the deposition time, the second layer of copper inverse opal was depositing 
around the polystyrene, which confirms the under deposition was not occurring.  
 
Figure 7.4: FIB Cross-section of High Temperature Sintered Sample: The sample was annealed 
at 105℃ for 2 hours and copper was electroplated at 5mA/cm2. The cross section was made 
through the polystyrene spheres to reveal the beginning of the second layer of copper inverse opal 
forming (lighter region).  
 
In order to better understand why the sintering temperature was producing such a large 
difference, the first step was to analyze how the polystyrene opal structure was changing due to 
the annealing temperatures. Initially FIB cross section was used to try to analyze the shape 
differences of the sintered spheres, but it was difficult to accurately cut through specific positions 
in the spheres to confirm the shape and contact areas. Instead 10nm of alumina was deposited 
using ALD, and the polystyrene spheres were removed using THF, leaving behind thin shell 
semitransparent alumina spheres that could be analyzed using SEM. Two of these SEM images 
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can be seen in Figure 7.5. Due to the contact of the polystyrene spheres with the substrate, 
alumina could not deposit on this contact point and thus shows up as a dark region in the SEM 
images. From these images we can estimate the contact areas of the polystyrene spheres with the 
substrate. Analyzing around 75 spheres yielded the following results. Samples annealed at 95℃ 
had a contact area of 0.15µm2 ±0.03 and samples annealed at 105℃ had a contact area of 
0.26µm2 ±0.05. The higher contact area of samples annealed at 105℃ could lead to longer 
diffusion lengths which would lead to longer diffusion times and thus prevent copper deposition 
underneath the polystyrene spheres.  
 
Figure 7.5: SEM Images of Thin Shell Alumina Inverse Opals. The thin shell alumina inverse 
opals provided a semitransparent model of the annealed polystyrene spheres in SEM. The region 
of the spheres that were melted and connected to the substrate show up as a darker color due to 
the inability of alumina to deposit in these regions. (a) shows an opal that was annealed at 95℃ 
for 20 hours and (b) shows a sample that was annealed at 105℃ for 2 hours.  
 
Another component that affected the copper deposition around the polystyrene spheres was 
the functional group attached to the polystyrene. Originally carboxylate modified polystyrene 
spheres were utilized to form the inverse opals, but aliphatic amine and sulphate functionalized 
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polystyrene spheres were also tested. The low sintering temperature of 95℃ and low current 
density of 5mA/cm2 were used to test how these functional groups could affect the under 
deposition of copper and the resulting cross-sections can be seen in Figure 7.6. The results from 
these tests show that aliphatic amine functionalized spheres behave similarly to the carboxylate 
functionalized spheres and show under deposition of the copper. The sulphate functionalized 
polystyrene spheres on the other hand show a successful formation of the inverse opal using these 
parameters. As a result, the functional groups also play a role on this under deposition. The initial 
hypothesis is that the diffusion of copper ions through sulphate functional groups is slower than 
the other functional groups, but this needs to be explored further.  
 
Figure 7.6: Effect of Functional Group on Formation of Copper Inverse Opal. (a) Aliphatic 
amine functionalized polystyrene spheres sintered for 20 hours at 95℃ and electrodeposition done 
at 5mA/cm2 and (b) sulphate functionalized polystyrene spheres sintered for 20 hours at 95℃ and 





7.4 Conclusions and Future Work 
The desired system consisting of a copper inverse opal on a silicon substrate with a dense layer of 
copper on top was successfully made. A phenomenon of copper deposition underneath the 
polystyrene opal was discovered through testing different manufacturing procedures and materials. 
It was found that the copper deposition current density, polystyrene sintering temperatures, and 
the polystyrene functional groups all affect whether or not copper is deposited underneath the 
spheres. The copper deposition underneath the polystyrene spheres relates to a balance between 
the speed of copper ion diffusion underneath the spheres and the speed of the electrodeposition. 
The initial hypothesis is that the sintering temperatures and functional groups affect the copper ion 
diffusion lengths and diffusion speeds. Future work is required to investigate the exact cause of 
the copper under deposition and the possible limitations of this deposition. 
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 
 
8.1 Conclusions 
In Chapter 3 it was shown that the Pb-Sn eutectic was successfully directionally solidified 
using a two-dimensional directional solidification set-up and the eutectic followed a similar speed 
and spacing trend found in literature. The Pb phase can be uniformly etched and the eutectic 
spacing and etch depth can be controlled to achieve maximum efficiencies for diffraction grating 
applications. More specifically, a 65% diffraction efficiency can be achieved if using a 532nm 
wavelength laser with a directional solidification speed of 24µm/s and etch time of two minutes. 
This highly tunable surface morphology opens the doors to other applications, such as controlled 
surface energy properties and high aspect ratio surface structures. 
Pillar templates were used to investigate the effects of templates on the organization of 
AgCl-KCl and Pb-Sn eutectics. In Chapter 4, the lamellae were shown to change orientation when 
solidifying through pillar templates at specific heights and spacings. As the eutectics solidify 
within arrays of pillars, they are forced to modify their spacing, thus increasing the undercooling 
required for solidification. By changing their orientation to be horizontally aligned (perpendicular 
to the pillar axis), the undercooling is minimized. In Chapter 5, the pillar templates were used to 
investigate the effects of templates on the surface microstructures of thin film eutectics where no 
orientation change occurred. As the lamellae solidify within the arrays of pillars, they are forced 
to modify their spacing due to pillar disturbances and thus form eutectic microstructures not 
normally solidified. The change in spacing produces microstructures with lamellar faults and since 
the pillar templates consist of a repeating structure, these lamellar faults are then repeated. 
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Depending on the spacing and size of the pillar templates, the pillar disturbances can produce 
repeat microstructures that closely resemble a split ring resonator like shape. Moreover, by 
changing the surface tension of the eutectic components in relation to the template, a large range 
of possible microstructures can be obtained. Chapter 4 and 5 explain new understandings on 
template dictated eutectic microstructures and could influence the future design of templates for 
the directional solidification of eutectics to expand the possibilities of unique eutectic 
microstructures. 
In Chapter 6, the binary phase diagram of the d-camphor and biphenyl system was 
successfully created and a eutectic composition of 47.7 wt% d-camphor with a eutectic 
temperature of 29.1°C was confirmed.  The eutectic shows a decrease in interlamellar spacing at 
increased thermal gradients and a faceted to non-faceted transition as the thermal gradient 
increases. The exact transition could not be confirmed but can be estimated to be between 60 and 
95°C/mm. Applying this knowledge to metallodielectric eutectics such as Al-Ge could lead to 
better solidification control of these optically interesting microstructures. 
In Chapter 7, a phenomenon of copper deposition underneath the polystyrene opal was 
discovered through testing different manufacturing procedures and materials. It was found that the 
copper deposition current density, polystyrene sintering temperatures, and the polystyrene 
functional groups all affect whether or not copper is deposited underneath the spheres. The copper 
deposition underneath the polystyrene spheres relates to a balance between the speed of copper 
ion diffusion underneath the spheres and the speed of the electrodeposition. The initial hypothesis 





8.2 Future Work 
The work done on thin film pillar template dictated solidification in Chapter 5 is a great 
initial step in this area. From these theories a great number of microstructures can be predicted for 
different template designs. The only thing that can’t be predicted from this work is how the 
template would affect the solidification of eutectics that contain one or more faceted phases. How 
would the preferred crystal orientations of the faceted phase compete with the diffusional effects 
of the confining template. With the initial results and theories from the circular pillar templates, 
the well-controlled faceted/nonfaceted eutectic microstructure, and the ability to view the eutectic 
with an optical microscope, the next step in this research is to study the solidification of thin film 
camphor-biphenyl through a circular pillar template.  
 
The work done on copper electrodeposition in Chapter 7 is still preliminary. Future work 
is required to investigate the exact cause of the copper under deposition and the possible limitations 
of this deposition. The next step for this work is to test the copper electrodeposition at multiple 
current densities for each functional group and annealing procedures to find the exact transition 
for the under deposition to occur in each case. From here the diffusion rates of the copper ions 
around the spheres can be estimated and a theory developed for what conditions are required to 




A.1 Pb-Sn Phase Field Parameters 
Parameter Symbol Units Value Reference 
Eutectic Temperature TE K 456 1 
Eutectic Composition CE wt%Pb 38.1 1 
α Phase Composition at TE Cα wt%Pb 2.5 1 
β Phase Composition at TE Cβ wt%Pb 81.0 1 
β Volume Fraction Vf % .37 1 
α Liquidus Slope mα K/wt% -.83 1 
β Liquidus Slope mβ K/wt% 2.43 1 
α Partition Coefficient kα - 1.34 2 
β Partition Coefficient kβ - .382 2 
α-Liquid Surface Tension σαL dynes/cm 550 3 
β-Liquid Surface Tension σβL Dynes/cm 441 3 
α-β Surface Tension σαβ Dynes/cm 509 3 
α Latent Heat of Fusion Lα kJ/kg 59 4 
β Latent Heat of Fusion Lβ kJ/kg 23 4 
Diffusion Coefficient D m2/s 1.1E-9 1 
α Contact Angle θα ° 65 1 
β Contact Angle θα ° 35 1 
B is Lead Phase 
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A.2 Python Code to Analyze Interlamellar Spacing 
# -*- coding: utf-8 -*- 
""" 
Created on Sat Mar 4 12:04:19 2017 
@author: lmbro 
Calculate lamella spacing in eutectic sample based on ImageJ Plot Profile 
analysis. 
 
This program was written for a specific researcher for specific data analysis 
needs. The input requirements are designed based around files provided by that  
researcher, and the output was designed based on the researcher's request. 
 
This program expects output from ImageJ's Plot Profile analysis. Row A contains 
the distance of the reading and Rob contains the value of the reading. Values 
are interpreted as Black (50 and above) and White (below 50). Black and White 
'runs' are counted and the distances computed. the first and last runs are not 
counted because they are considered incomplete (we don't know where the first 
run started or where the last run ends) 
 
Distance White run = (Last Black cell location) - (Last White cell location) 
 
INPUT REQUIREMENTS 
    - Excel .xlsx file: ONLY xlsx files will be read in 
        - Row A contains the Distance (x-axis of graph) 
        - Row B contains the Grey Value (y-axis of graph) 
        - All other rows should be empty or they may be overwritten! 
    - The filename and the sheet containing the data to be analysed should 
      have the same name (excluding the xlsx extension) 
        - Example 
            - Excel File (with extension): 32um1.xlsx 










# Files / sheets have the same name - edit if necessary 
name = input("Enter filename:") 
file = name + '.xlsx' 




# Store runtime data for validation (if needed) 
f = open(name + '_rundata.txt','w') 
#------------------------------------------------------------------------------ 
# Prepare workbook and sheet 
#------------------------------------------------------------------------------ 
 
# Load workbook and existing sheet, create new sheet if needed 
try: 
    wb = openpyxl.load_workbook(filename=file) 
except: 
    print("Error opening file.") 
    print("Program only works for .xlsx files") 
    print("File must be in the same directory as the .py file") 
ws = wb[sheet] 
#ws_write = wb.create_sheet(title='Py Script') 
 
# Find maximum row that contains data 
max_row=1 
while True: 
    if (ws.cell(row=max_row,column=1)).value==None or 
(ws.cell(row=max_row,column=2)).value==None: 
        break 
    else: 
        max_row+=1 
print("Rows to be read in:",max_row) 
f.write("Rows to be read in: "+str(max_row)+"\n") 
 







# Locate rows where a color change has occured 
#------------------------------------------------------------------------------ 
 
# Initialize color to first cell (cell value indicates color) 
# NOTE: Data is imperfect (not only 0s and 255s), so we set cutoffs for white 
# NOTE: Data must be stored in the B column, starting with B1 (B1:) 
if (ws.cell(row=1,column=2)).value<50: 
    # White = 0 - LAMBDA 1 
    prev_color=0 
else: 
    # Black = 255 - LAMBDA 2 




# Loop through data 
#   - Identify the row in which the 'color' change 
#       - index is stored when color[index] is not equal to color[index-1] 
#   - Store the value of the new color 
#       - color[index] 
for row in range(1,max_row): 
    # Data must be stored in the B column, starting with B1 (B1:) 
    cell = ws.cell(row=row,column=2) 
     
    # Data is imperfect (not only 0s and 255s), so we set cutoffs for white 
    if cell.value < 50: 
        color=0 
    else: 
        color=255 
    # If there was a change in color, we need to record the index of the 
    # change and the NEW color 
    if not prev_color==color: 
        index.append(row) 
        indexColor.append(color) 
        prev_color=color 
     
    # Keep track of all different values to help assess acccuracy of  
    # readings and determine cutoff value for White 
    if cell.value not in colorList: 




# Store data in sheet created by this program 
#------------------------------------------------------------------------------ 
 
# Worksheet row headers 
ws['D1']="Lambda 1 (White = 0)" 









         





         
# Calculate distance of White and Black 'blocks' 
#   - Location of measurement stored in column A in corresponding row 
#   - Calculation can done with one of two methods (based on White block): 
#       1. Distance = (Last Black cell location) - (Last White cell location) 
#       2. Distance = (First White cell location) - (First White cell location) 
#       - The difference is a shift up in cells 
#       - Methods are equally accurate, as long as once is used consistently 
#   - The coded algorithm skips the first and last blocks. This is intentional 
#       - We can't assume the first/last data point represent the first/last 
#         reading in a series, so we exclude them 
for i in range(len(index)-1): 
   
    # Code was originally written for Method 2 but switched to Method 1 
    # Researcher uses Method 1 when analysing data manually 
    startIndex=index[i]-1 
    stopIndex=index[i+1]-1 
                     
    start=(ws.cell(row=startIndex, column=1)).value 
    stop=(ws.cell(row=stopIndex,column=1)).value 
    distance = stop-start 
     
    print(index[i],indexColor[i],distance) 
    print("    ",stop,"-",start,"=",stop-start) 
    f.write(str(index[i])+" "+str(indexColor[i])+" "+str(distance)+"\n") 
    f.write("    "+str(stop)+" - "+str(start)+"="+str(stop-start)+"\n") 
 
    # Store the calculated value and what "formula" (i.e. cells) were used 
    # This allows researcher to more easily validate output  
    if indexColor[i] == 0: 
 
        ws['D'+str(lambda1)] = "A" + str(stopIndex) + " - A" + str(startIndex) 
        ws['E'+str(lambda1)] = distance 
        lambda1+=1 
    else: 
 
        ws['F'+str(lambda2)] = "A" + str(stopIndex) + " - A" + str(startIndex) 
        ws['G'+str(lambda2)] = distance 
        lambda2+=1 
 
# The "Total" is simply one consecutive White+Black pair  
# It does not matter if we start counting with a White or Black cell 
 
ws['H1']='Total' 
for i in range(3,max(lambda1,lambda2)): 
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for colorE in colorList: 
    ws['J'+str(colorIndex)]=colorE 







f.write("File "+name+".xlsx Saved\n")  
f.close()        
 
